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j] FOREWORD

~,)C ontract W.AF 33 29

" tion of the Air Force Materials Laboratory, Research and Technology

Division, with Captain R. A. Peterson acting as Project Engineer, and

Dr. E. Rudy, Aerojet-General Corporation, as Principal Investigator.

The project which includes the experimental and theoretical. investi-

gation of selected ternary systems in the system classes Mel-Me -C,

Me-B-C, Mel-Me .- B, Me-Si-B, and Me-Si-C, was initiated on 1 January 1964.

3The system class report on carbides covers part of the experimental effort

during the time period from 1 January 1964 to 15 December 1964.

The phase-diagram work was performed by E. Rudy and St. Windisch.

Assisting in the experimental investigations were: J. Pomodoro (prepara-

tion of sample material), H. Heetderks (DTA-runs), J. Hoffman (metallo-

graphic preparations), and R. Cobb (X-ray exposures). The thermodynamic

model of the Me C phases was developed by E. Rudy. Y. A. Chang per-

formed the numerical (computer) evaluation of the equations and made the

literature compilation of the thermodynamic data on molybdenum carbides.

The authors wish to acknowledge the help received from the members

of the Analytical Chemistry Laboratory and the Computing Sciences Division.

We also express our thanks to Dr. A. J. Stosick, Senior Scientist, who
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proofread the manuscript and made many helpful suggestions, and to

Prof. Dr. H. Nowotny, University of Vienna, who served as consultant

to the project.

The manuscript of this report was released by the authors

December 1964 for publication as an RTD Technical Report.

This technical report has been reviewed and is approved.

W. G. RMK
Chief, Ceramics and Graphite Branch
Metals and Ceramics Division
Air Force Materials Laboratory
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ABSTRACT

A complete phase diagram of the system molybdenum-carbon is

presented. A thermodynamic model for the description of the phase

separation of the Me 2 C phases in transition metal-carbon systems dlas- k

be edeveloped and was semiquantitatively applied to Mo 2C. Literature

data on thermodynamic properties of molybdenum carbides ha-ve4be.en

critically evaluated and datwe -e selected.

Apparative techniques for the precise study of phase reactions at

high temperatures are described.

N
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I. INTRODUCTION AND SUMMARY

A. INTRODUCTION

4In view of their refractoriness and thermal stability, car-

bides and carbide alloys have attracted considerable interest during the

4past few years as a material source for very high temperature applications.

Their extreme brittleness in the lower temiperature region,

leading to failures due to thermal stresses, necessitates the considera-

tion of composite structures, a development which depends to a large

degree on the knowledge of the phase reactions occurring in the particular

4system or group of systems.

A program was therefore initiated under AF 33(615)-IZ49,

with the objective, to determine and to interpret the high temperature phase-

equilibria occurring in ternary systems Me -Me-C, Me-B-C, Me -Me -B,
I ?1 2

Me-Si-B, and Me-Si-C, where Me stands for a refractory transition metal.

I As a result of the high temperatures involved in the investi-

gations of these system classes, it is not surprising that older investiga-

tions -- due to the lack of adequate high temperature facilities - are

often shown to be incomplete and are superseded by more detailed, more

accurate, and even new information as the methods of investigation improvl I ).

IIt should be mentioned, however, that often the reverse is

also true, i.e. that older findings are sometimes rejected on a somewhat

arbitrary basis in modern reinvestigations. This applies especially to

I the carbide systems, where more than 30 years ago, the existence of poly-

morphic modifications of W2 C(' 3) and Ta2C(4) at high tempe,:atures had

I been deduced from careful, metallographic and X-ray studies on these

1



compounds. Although the existence of these high temperature polymorphs

has been denied in a number of recent works, extensive investigations on

the binary carbide systems carried out in this laboratory under this pro-

gram revealed their definite existence. These studies showed the reaction

type to be common to nearly all subcarbide phases (MoZC, WZC(5), Nb 2C,

and Ta 2 C (6)), having its origin in the temperature-activated disordering of

the carbon sublattice in these compounds. In view of the very close struc-

tural relationships of the phases coexisting in che transformation process,

the term "phase separation" may be better suited for the descriptic- of this

type of transformation, and will be used throughout the report.

Although at present, conclusive data are available for carbide

systems only, there are indications from preliminary investigations in other

system classes, that this reaction type may be a quite common phenomenon

for interstitial compounds. In particular, this reaction type can be expected

with such phases, where at the stoichiometric composition a substantial

fraction of the totally available interstitial lattice sites, i.e. sites which

from size or other considerations have to be regarded as potential for occupa-

tion with the respective interstitial atom, is still unoccupied (e.g. diborides).

Filling of such energetically less favored lattice sites by foreign interstitial

atoms of suitable size should therefore lead to interesting combinations.

The present report is one of a series of documentary reports

on the high temperature phase-equilibria in refractory binary and ternary

carbide systems. The bulk of the experimental effort was devoted to the

establishment of the general equilibria, i.e. the gross interaction of the

various phases of the boundary systems. Although of minor influence on the

overall appearance of the phase equilibria in the ternary phase field, the

2



limitations, which solid state transformations could impose on the technical

applicability of these compounds, -apart from the theoretical interest

j seemed to justify a more extended study of these phenomena.

B. SUMMARY

Using X-ray, metallographical, and differential -thermo-

j analytical (DTA) methods, which were supported by chemical analysis, the

binary system molybdenum-carbon was investigated and a cornolete phase

diagram was established (Figure 1 and Table 1).

Four congraently melting intermediate phases (a-Mo2 C,

P-Mo 2 C, -q-MoCIx, and a-MoC Ix), from which only one (a-Mo C) is stable

below 1400°C, occur in the system. These are:

1. a-Dimolybdenum Carbide

The a-Mo2 C phase, with a hexagonal close-packed

arrangement of metal atoms, extends at Z000°C from 30 At% C (a = 2. 990

c = 4.728 X) to 32.8 At% C (a = 3.006 X, c = 4.734 X), andat the eutectic

temperature (2200°C) from 26 to 32.5 At% C. The phase melts congruently

at 2486 + 5°C at a composition of 31.5 At% C. a-Mo2 C forms a eutectic

jwith the a-molybdenum phase at 2200 + 5'C at a carbon concentration of

17 atomic percent.

2. P-Dimolybdenum Carbide

This phase, not previously reported in this form in

the literature, exists between 14750 and 2520°C, and has a hexagonal close-

packed arrangement of metal atoms, with a = 3. 007 X, c = 4. 778 2, at

33 atomic percent carbon. The P-Mo2 C-phase results from a phase separa-

tion of the Mo 2 C-phase above 14750C, caused by disordering effects in the

carbon sublattice. Its range of homogeneity extends from 33 to 34 At% at

2000°C and reaches a maximum of 36 At% C at the eutectic temperature of

3
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Figure 1. The Phase Diagram of the System Molybdenum-

Carbon

(The uncertainties attached to the temperature

figures resemble the accuracy of the measure-

ments and do not include the error in the pyto-

meter calibration)
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of the equilibrium P-Mo 2C-.1-MoC x . P-MoaC melts congruently at

Z522 + 5°C at a composition of 34 At/o C and forms eutectic equilibria with

Ct-Mo 2 C (2469+ 60G, 3Z. 6 At% C) and the hexagonal q -MoC 1 x-phase

(2510 + 300, 36.3 At% C). The phase decomposes in a eutectoid reaction

at 1475 + Z00C into a-Mo2 C and graphite.

3. rp-MoC1 -x

-0-MoG I-x has a hexagonal (pseudocubic) lattice

(D 4- type) with a = 3. 013 k, and c = 14.65 . It melts congruently at

255ZC at a composition of 39 At% C and decomposes in a eutectoid reaction

at 1655 + 15'C into P-Mo 2C and graphite.

4. a-MoCI

a-MoO1I-x has a sodium chloride (Bl) type of structure

with a = 4.265 k(41 At% 0), and melts congruently at 42 At% C at Z600 + 4°C.

Its range of homogeneity extends from 39.7 At% C (a = 4.Z66 X) to 4Z At% C

(a - 4.274 ) at 2300*C, and up to 43 At% C (a = 4.Z81 X ) at 25800C.

a-MoC I-x decomposes in a eutectoid reaction at

1960 + 2000 into the hexagonal ri-phase and graphite. It forms eutectics

with the i-phase (39.5 At% C, 2547 + 3°C) and graphite (45 At% C, Z584 + 50C).

The liquidus line of the equilibrium (Mo, C)melt

graphite has been experimentally determined up to 3Z00C.

The a---Me G phase separation is interpreted on

the basis of two energetically different interstitial lattice sites. The equi-

librium conditions have been derived and are discussed. A semiquantitative

application of the Mo2C-phase yielded AG = 8500 cal per mole Mo C (y - 1)

as the free energy difference between the two kinds of interstitial lattice sites.

6



This energy results from the volume changes associated with the disorder-

ing reaction and can therefore be interpreted as strain energy. While the

degree of disorder can be quite high at high temperature (25% of the carbon

atoms on lattice sites of the second kind at ZZ00°K) the calculations indicate

that at room temperature Mo 2C is an essentially ordered compound. Analo-

gous types of phase reactions have been found for Nb2 C (-2500°"), Ta2C

(Z000°C) and W 2 C ( 2450'C). The analysis identifies the observed phase

separations as secondary effects of the disordering reaction in the carbon sub-

lattice.

The literature data on thermodynamic properties of

molybdenum carbides have been critically evaluated and data were selected.

II. LITERATURE REVIEW

The currently accepted phase diagram of the system molybdenum-

carbon, based mainly on the work by H. Nowotny, et.al. (7) and available

literature information up to 1961 has been presented by i.. Kieffer and

F. Benesovsky ( 8 ) (Figure 3).

The existence of at least three intermetallic phases, of which two are

stable at high temperatures only, has been ascertained and their structures

have been established. There is general agreement among the various in-

vestigators, that the solubility of carbon in molybdenum is very small

(:5 0.15 At%).
(8, 9)

Mo2C has a hexagonal close-packed arrangement of metal atoms

with a = 3. 007 _, and c = 5. 778 . . Based on room temperature neutron

diffraction experiments, which revealed an essentially ordered carbon sub-

1 S(10)
lattice, E. Parthe and V. Sadagopan conclude, that MO C is only pseudo-

~~~~14_Pbnwt
hexagonal and crystallizes orthorhombically (space group DZh Pbcn), with

7
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Figure Z. Molybdenum -Carbon Phase Diagram

(After R. Kieffer and F. Beneso-vsky, 1963)
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a0 = 7.244X, bo = 6.004k, and co = 5.1993. The orthorhombic axes are

related to the hexagonal dimensions by a c H' bo = aH1 co = a H
(11, 12, 13

-q-MoC, later shown to exist in the composition range from 38-40 At% C,

has a hexagonal (D 4h - type) structure with a = 3. 006 Z, and c = 14.61X(7)

(7))
The structure of 11-MoG is closely related to the cubic Bl-type ( ) . The phase

is stable only at high temperatures ( 7 ) decomposing into Mo C and graphite at

1450 + 1000(13).

L-MoC0 7 14), occurring at a carbon concentration of approximately

40 atomic percent (1 3 ,14), has a face-centered cubic (BI) unit cell, with a

4.Z7 X (IZ, 14) The phase is unstable below 2000°C(12).

A compilation of recent lattice parameter measurements of molyb-

denum carbide phases together with data from the present investigations are

presented in Table Z .

The solubility of carbon in molybdenum has been investigated by

71 T. Takei (1 5 ), W. P. Sykes, et.al. (16), and W. E. Fewand G.K. Manning (1 7 )

The latter authors give the solubility limits of 0.005-0.009 Wt% C at 16500C,

0.012 Wt% C at 1925°C, and approximately 0.018 Wt% C at Z200*C. The

lattice parameter of molybdenum increases slightly upon incorporation of

(18)carbon atoms

Mo 2 C was first prepared by H. Moissan ( 1 9 ) by reduction of molyb-

denum dioxide with carbon and calcium carbide; it was also isolated by

H. Moissan and M. K. Hoffman ( 2 0 ) from molten mixtures of molybdenum with

aluminum and petroleum coke. J. N. Pring and W. Fielding (2 1 ) observed the

formation of Mo2C upon decomposition of molybdenum chloride on graphite rods

- heated above 130000. Other preparation techniques ( 8 ) included the gas-phase

carburization of molybdenum (2 2 ' 23), the direct combination of the elements(,1,2 , (26,27T)
at high temperatures 164 the electrolytic deposition from salt melts

and the decomposition of molybdenum carbonyls(28, 29, 30)

9
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T. Takei ( 1 5 ) gives its range of existence between 5.5 and 6 Wt%

(31.7 - 33. 8 At%) carbon, which is in good agreement with later determina-
S(9)

tions by W. P. Sykes, et.al. 16 ). A. WestgrenandG. Phragmen ( 9) report

the metal-rich limit at 31 At% carbon.

According to W. P. Sykes et.al.(l 6 ), the Mo 2 C phase forms in a

( peritectic reaction at approximately 2400C. E. Friedrich and L. Sittig ( Z 4)

measured 2230 to Z330°C. Agte and H. Alterthum (2 5 ) report 2690 + 50'C.

In a recent investigation, M. R. Nadler and C. P. Kempter ( 3 1 ) measured a

melting temperature of Z410 + 15°G, which is in good agreement with the
(32)

measurements by G. A. Geach and F. 0. Jones , and by T. C. Wallace,

et.al. ( 1 3 ), reporting a melting temperature of 2440 + 30°C at a composition

of 34 At% carbon (Table 3). (29)

J. L. Lander and L. H. Germer claimed to have found a cubic

Mo C in the decomposition products of molybdenum carbonyl-steam mixtures.

The original doubts of R. Kieffer and Benesovsky(8 ), which attributed the

appearance of this phase to oxygen stabilization, have been confirmed in

recent investigations by I. F. Ferguson, et.al.(30) The existence and struc-, (8, 33)

ture of higher molybdenum carbides were a matter of extensive controversy

Using arc-quenched alloys, H. Nowotny and R. Kieffer ( 3 4 ) stabilized

a monocarbide and first assigned a cubic subcell to a compound MoC. InI (7)
later investigations by H. Nowotny and coworkers , the phase was success

fully indexed on the basis of a hexagonal unit cell (Table 2), which is closely

related to the B 1-type. The phase melts congruently at approximately

2650°C and decomposes into Mo C and graphite at temperatures below 2000° ) .

According to E. Friedrich and L. Sittig (Z 4 ) MoC melts at 2570'C. C. Agte

and H. Alterthum ( Z 5 ) report Z695 + 500C, and J. L. Engelke, et.al. ( 3 5 )
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measured 28700C. Recent redeterminations of the melting temperatures

by T. C. Wallace, et.al.(13) at the Los Alamos Laboratory, however, shed

some doubts on the previous measurements, as has been pointed out by

K. Storms in a recent critical review of carbide data 3 6 ) . The melting point

data obtained by T. C. Wallace, et.al. (13) are listed in Table 3. The peri-

tectoid decomposition temperature of -- MoC, reported by the same authors,

is 1450+ 1000C. According to A.'E. Kovalskii and S. V. Semenovskaja ( 3 7 )

application of pressure favored the formation of TI-MoC at 17500C.

Table 3. Melting Temperatures of Molybdenum-Carbon

Alloys (T.C. Wallace, C.D. Guitierrez, and

P.L. Stone (13))

Melting
Composition Temperatures Presence of

(At% C) (0C) Free Carbon

34 Z440 + 30 No

37 Z460 + 30 No

38 2590 + 30 No

41 2580 + 30 Yes

43 Z570 + 30 Yes

45 2580 + 30 Yes

51 2575 + 30 Yes

(23) (38)

H. Tutiya and K. Kuo and G. Hagg report a monocarbide with

a simple hexagonal WC-type unit cell (y-MoC, a = Z.898 1, c = Z.809 X).

In addition to the -y-phase, the latter authors found another carbide (7-MoC,

a = Z.932 X, c = 10.97 X, space group P 63 /mmc), which had formed in the

low temperature carburization of molybdenum. In equilibrium measurements,

12



L. C. Browning and P. H. Emmett ( 3 9 ) observed the y-MoC-phase in the

reaction products of carbon monoxide with molybdenum, and they report a

lower temperature stability limit of approximately 700°C. The occurrence

I of 7-MoC was also noted in high pressure experiments by L. Kaufman and

E. V. Clougherty (4 0 ) . In neither case was the composition of the alloys

well defined, which applies also to earlier claims for the p;'eparation of a

I molybdenum monocarbide(1 6 , ZO, ZZ, Z 3 , 24, 27, 41, 4 2)

E. V. Clougherty, et.al.(14) reported the high pressure stabilization

of a cubic MoC(a-Mod l x , a = 4.27 ,) at temperatures above 2000C. The

same phase was also prepared in pure form by rapid quench of molybdenum-

carbon melts by E. Rudy et.al. (
, and shown to exist at a composition of

40 A% C Basd o themocemicl . (11, 12)
approximately 40 At0 C. Based on thermochemical considerations

the lower temperature stability limit of the cubic a-Mod1 -x was estimated to

I be 2000'C, but T. C. Wallace, et.al. ( 1 3 ), did not find the solid solution

(Zr, Mo)C 1 -x to extend to the binary system Mo-C at 2100°G. 31)
On the metal-rich side, a eutectic is reported at ZZ00°C and

1.8 Wt% (12.8 Ato) carbon ( 1 6 ). T. Takei ( 1 5 ) places the eutectic composition

at 4 Wtjo (25 At%) carbon.

H. Nowotny, et.al. (7) measured the approximate melting points of

molybdenum carbon alloys in the range from 40 to 75 Atj0 C and located the

carbon-rich eutectic at '- 70 Ato C and a temperature of approximately

2400°C. The measurements of T. C. Wallace, et.al. (13) (Table 3) indicate

the eutectic line at 2575 + 300C.

13



III. EXPERIMENTAL PROGRAM

A. EXPERIMENTAL TECHNIQUES

1. Starting Materials

The elemental powders served as the starting materials

for the preparation of the experimental alloy material.

Molybdenum, with an average grain size of 2.02 p,

was purchased from Wah Chang Corporation, Albany, Oregon, and had the

following analysis (Table 4):

Table 4. Chemnical Analysis of the Molybdenun Powder

Impurity Impurities (Contents in ppm)

Element Suppliers Analysis Our Analysis Method

Al Z0 100 Spec

C 24 136 Comb

Co <10 50 Spec

Cr 25 <50 Spec

Cu <10 100 Spec

Fe 30 <20 Spec

Mg <10 n.d.

Mn 10 n.d.

Ni Z0 40 Spec

0 640 1120 Gas F2

Pb <10 <100 Spec

Si 100 <200 Spec

Sn 80 n.d.

W 200 n.d.

Ti n.d. 50 Spec

non volatile 100 n.d.
matter

Legend to Table 4: Spec - Spectrographic Analysis
Comb- Determined by combustion in a micro carbon

analyzer.
Gas F-Value obtained from gas-fusion analysis
n.d. -Not determined
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I
In general, our analysis of the molybdenum powder indicated slightly higher

impurity levels than the analysis submitted by the vendor. No second phase

impurities could be detected in strongly overexposed powder patterns on

low background X-ray film (Laue, Agfa Wolfen). The lattice parameter

of the molybdenum powder was determined to be a = 3.1473 3.

The spectrographic grade graphite powder was pur-

chased from Union Carbide Corporation, Carbon Products Division and had

the following analysis (Table 5):I
Table 5. Chemical Analysis of the Graphite Powder

Impurity Impurities (Contents in ppm)

Element Supplier's Analysis Our Analysis* Method

Ai 0.3 < 10 Spec

Cu 0.1 <10 Spec

Mg 0.1 <10 Spec

Si 0.2 <10 Spec

Fe 0.2 <10 Spec

Ash (' )  n.d. 0.05 Gray
H(20) n.d. 0.00 Grav

volatilej n.d. 0.01 Grav~matter( 3)

Legend to Table 5: (1) 1 hr at 1950 0 C

(2) 16 hrs at 105°C

(3) 7 min at 600 0C

Spec - Spectrographic Analysis

Grav - Gravimetric Analysis

n.d. -Not Determined

*In most cases the impurity contents were below the accuracy
limit of our spectrograph.
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No second phase impurities were detected in strongly overexposed X-ray

powder patterns. The lattice parameters obtained from an exposure with

Cu-K -radiation was a = 2.463 Z, and c = 6.729 3L which is in good agree-

ment with the reported literature values of a = 2.461 , and c = 6. 708 (4)

2. Sample Preparation

The alloy material for the investigation in this system

was exclusively prepared by a short-duration hot-pressing process applied

to the well-blended mixtures of the elemental powders in graphite dies.

In this method, originally developed by Metallwerk

Plansee, Reutte, Tirol, the powder mixtures are filled into a graphite cup

and closed with a graphite 'piston. The filled die is then inserted into a

graphite heater, which is clamped between two graphite holders, which also

serve as the current connections to the water-cooled copper electrodes. The

specimen is then heated and compacted while under pressure ( < 750 Atm.).

The graphite components of the hot-press are shown in Figure 3.

In contrast to other current designs, this hot-press

allows very fast heating and cooling rates and in this way keeps the reaction

between the sample material .and the graphite sleeves to a minimum. In

general, one hot-pressing cycle lasts from two to five minutes and results in

practically completely dense sample material, if required (Figure 4). After

hot-pressing, the surface reaction zone, which in most cases is 0. 1 to 0.4 mm

thick, is removed by grinding and the alloys are subjected to further homog-

enization treatments.

Prior to the preparation of the bulk of the experimental

alloy material, test runs were made to determine the maximum carbon

pick-up during the hot-pressing. For these tests, molybdenum powder

16



with known analysis was filled into the graphite sleeves and compacted for

1Z, 5, 10, and 20 minutes at 1900°C and 38,0 atmospheres.

I
I

I

Figure 3. Graphite Components for Hot-Pressing1
The observed reaction zones after hot-pressing were

I approximately 0.Z, 0.Z, 0.4 and 0.6 mm and consisted of MOC and

rq-MoC1 x* The chemical analysis of the surface cleaned samples showed

Icarbon contents of 85, 127, 123, and 120 ppm. These lower carbon contents

after the hot-pressing as compared to the starting material (136 ppm) are

attributed to the partial removal of the originally present oxygen by reaction

with carbon. This was confirmed by chemical analysis, which showed

after the hot-pressing an average oxygen content of only 360 ppm in contrast

17



to the I120 ppm present in the original powder. These tests, as well as

the results of the chemical analysis on the experimental alloy material

reported in a later section, show the hot-pressing route -- with proper

design of the apparatus - to be a very effective and reliable method for

the preparation of carbidic alloy material.

Figure 4. Graphite Die with Sample After Hot-Pressing

3. Heat-Treatments

The homogenization treatments of the alloy material

were performed in a high vacuum tungsten-mesh element furnace manu-

factured by the Brew Company. The surface-cleaned hot-pressed compacts

were placed in tantalum containers, which were then inserted into tantalum

cans resting on a tungsten support table inside the heating element. The
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temperature was measured pyrometrically (Section 7c) through a quartz

window in the furnace wall and a small hole in the radiation shields and the

top lid of the sample container. Corrections to the readings were only applied

t for the quartz window (Section 11-7), since the small observation hole resem-

bled nearly perfect black body conditions.

The equilibration treatments were carried out at
-.5

1800'C and 1550°C under a vacuum of 5 x 10 Torr. Prior heat treatments

at temperatures of 2100 and 22000C resulted in substantial carbon losses due

to vaporization and therefore the lower temperature was chosen. One piece

of each alloy was also arc melted. These prehomogenized alloys were

analyzed and used as stock-material for the further studies.

4. Quenching Studies

From the X-ray evaluation of the initial heat-treatments

it became obvious that the high temperature equilibrium states could not be

frozen in by the comparatively slow cooling rates in the vacuum furnace

mentioned above, and that rapid quenching of the alloys was required. These

quenching experiments were conducted in the following manner:

A flat piece of the alloy to be studied was prepared

by hot-pressing, surface-cleaned, and then inserted into a device as shown

in Figure 5. The sample was brought to equilibrium temperature by direct

resistance heating of the graphite heater around the specimen holder and

held at temperature until equilibrium was attained. With the aid of a hydraulic

piston, mounted on top of the sample holder, the sample was then ejected

into a preheated tin bath (300°C) by breaking the thin diaphragm beneath

the sample (Figure 5). The skin of tin adhering to the safnple surface was

removed by leaching in 3n HCI and the alloys subjected to X-ray, metallo-

graphic, and chemical analysis.
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Hydraulic Ram

-Ejection Ram

/X
// ~~ - .- Heater

Graphite Sample Container

Specimen Observation Hole

Specimen

-Graphite Diaphragm

--- -r Bath

Figure 5. Experimental Setup for Rapid Quenching

Studies on Carbides.
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5. High Temperature Equilibration Experiments With

I Graphite

Since the liquidus line of the equilibrium Mo-Ce

graphite could not be determined accurately by differential-thermoanalytical

methods (Section 111-6) or by melting point determinations (Section 111-7),

i the direct route, i.e. chemical analysis of molybdenum-carbon melts, which

I had been equilibrated with carbon, was chosen.

A cylindrical piece of the alloy is placed into a graphite

container, a graphite platelet placed on top of the sample, and the whole

arrangement heated inside a graphite cylinder to equilibrium temperature.

I Once the alloy is molten, the pick-up of carbon from the container walls as

well as from the graphite platelet on top of the sample up to the equilibrium

concentration is fast. Experiments carried out over varying lengths of time

Ishowed that complete equilibrium was reached within ten minutes at tempera-

tures 50°C higher than the corresponding lowest solidus temperatures. After

attainment of equilibrium, the melt is cooled down fast to room temperature

(approximately ZOOC/sec in the critical range of solidification) in order to

prevent segregation of the melt from the lighter graphite, the outer surfaces

Iare removed by grinding and the sample analyzed chemically for the total

carbon content.

6. Differential Thermal Analysis

a. Principle of Operation

A piece of sample material, along with a

similar piece of material known to undergo no phase changes are heated at

a controlled rate in a high temperature furnace. If at some temperature,

Isay TO, the sample undergoes an isothermal reaction which involves an
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enthalpy change, the temperature of the sample will tend to remain at T O,

while the temperature of the inert sample continues to rise. Thus, an

isothermal reaction generates a difference in temperature between the

sample and the reference body. The difference is detected and recorded.

After the reaction is completed, the sample temperature tends to approach

the environmental temperature (i.e. the temperature of the inert sample).

A typical plot of sample temperature (T) versus difference in temperature

(AT) is shown in Figure 6, where both a heating and cooling curve are shown.

--- --- Cooling

II
I 

He~ating

To

- T -

Figure 6. Differential Heating and Cooling Curves

Indicating Thermal Arrest at T 0

b. Physical Setup

The sample is a small cylinder (9/16" dia

x 5/8 ' ' high) with a concentric black body hole (5/3Z" dia x 3/8" deep) at

one end. A piece of graphite or other material, known to undergo no phase

changes in the specific temperature range, is used as a reference sample.
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The samples are heated inside a container

(Figure 7) which is made as symmetrical as possible in order to keep base-

time drifting effects caused by uneven heating to a minimum. The sample

Figure 7. Reference and Test Sample Loaded in Graphite

Container for DTA-Measurements

container is heated inside a cylindrical graphite heater, which is clamped

between two water-cooled copper electrodes. The heating assembly is con-

nected to a saturable reactor controlled power supply, which at full power

delivers 15, 000 amperes at 10 volts to the heater. An exploded view of

ii the heating assembly of the DTA-apparatus is shown in Figure 8. The furnace

I assembly is enclosed in a chamber, which can be operated either in vacuum

or in inert gas of up to six atmospheres.

2
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The apparatus is further equipped with an

automatic temperature control system. A variable speed motor-driven

potentiometer produces a controlled variable set-point, which is compared

with the output of the temperature sensor to produce an error signal.

C
A

D

Figure 8. Exploded View of the Heating Assembly of the

DTA -Apparatus

A - Graphite Electrodes D - Reference Test Sample

B - Heater E - Radiation Shields

C - Sample Container

This signal is amplified and controls a magnetic amplifier/silicon controlled

rectifier system, which drives the saturable core reactor and which ulti-

mately controls the power delivered to the heater. Both heating and cooling

rates are adjustable to fractions of a degree per second. The maximum

24



heating rate obtainable is approximately 20C per second, the maximum

jcontrollable cooling rate approximately 16°C per second.

c. Signal Path and Radiation Detection System

j Situated above and outside the furnace assembly

is an optical-electronic system, which produces two DC-voltages, one is a

function of the sample temperature, the other is a function of the tempera-

ture difference between the sample and the reference body.

The temperature signal takes the following

path: Radiation from the black-body hole in the sample passes through a

quartz window and is reflected from a gold first-surface mirror to a com-

mercial infrared radiation thermometer (Thermodot Model TD-6BT-70).

This instrument produces a 0-10 millivolt output, wjhich is a known function

of temperature. The radiation thermometer was calibrated against an optical

j micropyrometer, which viewed the sample directly, and the temperatures

during the runs were counterchecked pyrometrically.

The texnper:ature -difference detection system

operates on a radiation comparison principle. Radiation from the sample,

after passing through a quartz window, is focussed by a lens with adjustable

aperture onto a photocell (Figures 9, 10). A mirror directs the path through

a rotating semicircular sector which interrupts the radiation. Radiation

from the inert sample's black body hole falls on the same photocell. The

rotating semicircle is so situated, that the photocell alternately views the

sample's black body hole and then the inert sample's black body hole.

By using this system ( 4 4 ) instead of two opposite

radiation detectors, we were able to eliminate completely the problem re-

F] sulting from the change of the matching characteristics of the radiation

sensors with temperature, which causes excessive base line drifting(45)
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The sector rotates at 5400 rpm, so that the

photocell views the sample for 1/180th of a second, then the inert sample

for 1/180th second, then the sample ......... .. etc.

Figure 9. Optical and Radiation Detection System in the

DTA Apparatus

A temperature difference of the sample produces

a square wave from the photocell, with the amplitude of the wave increasing

with increasing temperature difference. This square wave is applied to the

input of a differential amplifier, with a bandpass of three cycles per second,
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tuned to 90 cycles per second. The output of the amplifier is rectified and

filtered, producing a DC-output, which Is recorded. The DC-voltages from

I the temperature difference sensor are plotted by an X-Y recorder (Varian

model F-80).

ISquareWv
Tuned

Amplifier

Photo Cell- ,

Mechanical X-Y
chopperPlotter

(Tversus T

M 24•
M1 )fJ4i -M ir ror

/ fRadiation
\a bi Thermometer

Li t _pJ. L, Collimating
Adjus table -A M 3  _Q )--Sse

---------------------------------------- LU _

Aperture AAz

Radiation
Shields- I21 _m

Sample + controller Ramp

Furnace Chamber- Reference

(Vacuum or Body
inert gas)
iGraphite 

HeaterI Sample Container

Figure 10. Experimental Setup for DTA-Measurements at
High Temperatures

For adjusting and monitoring purposes, the

square wave is simultaneously displayed on the screen of an oscilloscope

during the experiment.

'27
I



d. Capabilities and Limitations

The temperature limitations of the furnace

itself are imposed by the sublimation of graphite. Although the diffusion

of carbon vapor can be slowed down by the application of higher inert gas

pressures, the lifetime of the heating element is limited to seconds at a

temperature of 3800°C. The maximum safe operation temperature, giving

reproducible results, is approximately 3600°C.

A problem, which in many cases limits the

temperature range of investigation, is the interaction of the sample with

the container material, and special precautions (change of container material,

linings on the sample hole walls, etc.) have to be taken to prevent errors in

thc interpretation of the results.

Another important characteristic of a DTA-

device is its sensitivity, i.e. the minimum heat-quantity which produces a

reproducible and distinguishable signal. Obviously, this quantity is a func-

tion of many parameters, such as temperature, heating rates, heating

geometries, the thermophysical properties of sample and container material,

etc. The sensitivity of the apparatus in terms of these parameters has not

yet been tested. Experiments on the solid-state transformations are reac-

tions in the system Mo-C, where the approximate enthalpy changes are known

from other data, showed that an enthalpy change of approximately 20 calories

produced a signal: average experimental noise ratio of about 20:1 (T- 2000°C).

e. Measurements in the System Molybdenum-

Carbon

For the investigations in the system molyb-

denum-carbon, graphite was solely used as the container material.
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In order to study the carburization rate of

metal-rich alloys, a molybdenum-carbon alloy with 17At% C (composition

of the metal-rich eutectic) was inserted into the sample container and cycled

between room temperature and Z000°C. The conditions in this system are

specially favorable, since three solid state reactions occur in the range

j from 34 to 40 At% carbon, i.e. excessive formation of the higher carbon

phases will produce signals corresponding to these isothermal reactions.

The experiments were conducted to a constant

heating and cooling rate of 4°C per second. A first faint peak was noticed

after the 12th run, which could be identified as being due to the formation of

the r1-MoC x phase from Mo 2C and graphite. The intensity of the peak

increased somewhat with the number of reruns, but remained comparatively

small. The experiment was stopped after the 17th run and the sample analyzed.

The outer surface reaction zone which was approximately Imm thick, con-

sisted of a mixture of MoC, 1-nMoC I X and free graphite. A second zone,

approximated 0. 3 mm thick and separated by sharp boundaries from the outer

zone and the bulk of the sample, was identified as pure Mo 2C. The carbon

concentration of the center-portion of the sample remained unchanged.

(6In agreement with the findings of iR. T. Dolloff

and R. V. Sara ( 4 6 ) on tungsten-carbon alloys, the carburization rates de-

crease considerably once free metal is absent and the alloys consist of car-

bide phases only. It was also experienced, that the melting equilibria in

the metal-rich portions of the system could be reproducibly investigated as

long as the maximum temperatures of the experiments did not exceed the

temperature of the carbon-rich eutectic (25840C) in the system. At tempera-

tures above, carburization was almost instantaneous and the equilibria
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observed on subsequent cooling referred to the carbon-rich portion of

the system.

Summarizing the results of these tests, it

was found, that graphite containers are suitable for the DTA-investigations

on the molybdenum-carbon system, provided that only the first runs on a

given sample are used for interpretation and that the temperature of the

carbon-rich eutectic is not exceeded in the experiments.

7. Determination of Melting Points

In view of the difficulties encountered in finding

adequate container materials, which limits the applicability and usefulness

of a number of methiods( 8 ), as well as of the shortcomings of induction heating,

the resistive heating method was chosen for the determination of the melting

points.

In this method, a small sample bar with a black body

hole in the center is heated resistively to the temperature of the phase

change. The temperature is measured pyrometrically.

The method has the advantage of being fast and yields,

with proper care taken in the measurements, very reliable results.

a. Furnace Design

The essential parts of the furnace consist of

two water-cooled copper electrodes enclosed in a double-jacketed vacuum-

tight housing. The specimen, which is held between two tungsten platelets,

is clamped directly onto the water-cooled electrodes (Figure 11). A constant

force, applied through a lever arm by weights (visible in Figure 11 in front

of the electrodes) ensures good electrical contact between specimen and elec-

trode. The thermal expansion of the specimen is accounted for by having one

movable electrode.
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A gravity balancing system, firmly connected

j to the movable electrode on the outside of the chamber allows the specimen

to be put either under axial tension or compression. The maximum axial

force, which can be exerted in this way on the sample is + 2000 g. and can

be controlled to within + 30 g. The furnace can be operated either under

vacuum or under inert gas of up to 2 i/Z atmospheres.

!

I
Figure 11. Interior View of the Melting Point FurnaceI

The power supply consists of a 50 KVA

saturable core-reactor - step down transformer system. The power con-

trol is effected via the DC-supply of the saturable reactor by means of a

potentiometer with continuously variable DC-speed drive. Power applica-

tion rates can be varied between 20 and 15, 000 watts per second, and are

controlled by foot switches at the operator's site.
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b. Specimen Preparation

Two types of samples, differing in the way

they are clamped to the electrodes, are in use. They are (a) rectangular

bars of the dimensions 5 x 5 x 50 mm (Figure 12), and (b) cylindrical speci-

mens of approximately 10 mm in diameter and 30 mm in length with a

Figure 12. Pirani Melting Point Specimen, Cold-Pressed
to Size and Sintered (actual size)

rectangular or cylindrical groove in the center (Figure 13). Ductile metal

specimens or samples containing excess ductile metal phases are pressed

to final shape (with 0.6 mm diameter, and 3 mm deep hole) in a split die

system with retractable center-pin (Figure 14) and are used in the as-pressed

state.

Samples of more brittle materials are sintered

after cold-pressing to provide sufficient strength for further handling. Speci-

mens of such alloys, whose interaction with graphite is negligible or can be

controlled (carbide solutions, diborides of the refractory transition metals)

are hot pressed in a die system similar to that used for the cold-compaction

of the bar-type specimens, and is shown in Figure 15. Where it can be

applied, this method has the advantage of yielding dense and strong compacts

in comparatively short times.
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c. Temperature Measurements

The temperature of the sample is measured

ioptically with a disappearing-filament type micropyrometer through a quartz

I window in the furnace wall. A small hole, generally in the order of 0.6 to

1.0 mm diameter, drilled or pressed into the sample, serves as the refer-

I ence point for the temperature measurements. The micropyrometers are

I

I

j mm

Figure 13. Pirani Melting Point Specimen, Hot Pressed

and Ground

I periodically calibrated against standard lamps, which were calibrated and

certified by the National Bureau of Standards. As a further means of assur-

ance of the calibration, the pyrometers are periodically checked directly

against a standard pyrometer, calibrated and certified by the National Bureau

of Standards .
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d. Temperature Correction Terms

From Planck's law, and under the assumption

that the temperature correction terms are small compared to the tempera-

ture itself, the following equation can be derived from the correction

(AT corr) to be applied to the observed temperature (Tm

iN U

Figure 14. Die Components for Cold-Pressing Pirani Melting

Point Specimens

S Cz

T corr -T 2 . In D-A', (1)

= Emissivity Coefficient of the black body hole

kN Wave length of the radiation used in the measurement (0. 65 1 j

C 2  h' -= const = 1.4384 [cm.deg.]
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I
i

T m = Measured TemperatureD = elative reflection loss at the quartz window

A = Relative absorption loss in the quartz window

D'A=Ttr = Transmission of the quartz system

I-IR

Figure 15. Die Components for the Preparation of Pirani Melting
Point Specimens by Hot-Pressing

I The terms D and A can be calculated from the known absorption data and

the refractive index of quartz for the particular wave length. For the brand

used (GE-grade 101, d = 5 mm) n = 1.4585. With Fresnel's formula for

the reflected intensities at vertical incidence,
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D =- J (2)

A reflection loss of 3.48% per surface is calculated. Together with a trans-

parency coefficient of 0. 98 per cm for the wave length (0. 65 p) used a total

transmission of the quartz system of D'A = 0.92 is obtained.

An experimental check of this value was per-

(47)
formed in a way, which was originally proposed by A. Taylor, et.al.

Provided that n is not too large, the total transmission of a system of n

equal quartz windows is

T (n) (D'A) n (3)
tot

i.e. the temperature correction per quartz window is practically constant

and equal to ln D'A. By measuring the apparent temperatures through a

var .ng number of equal quartz windows, the transmission D'A can then be

calculated from equation (1).

Experiments were performed using 1, 2, and 3

quartz windows. As reference point for the measurements served a 0.5 mm

dia and 10 mm deep hole in graphite. At 2245°C, the chosen equilibrium

temperature, the following readings were obtained (Table 6 ). The mean

temperature difference derived from a large number of measurements was

25.5°C, yielding a product of D'A = 0.915 (formula 1) which is in excellent

agreement with the theoretical value.

Another factor which influences the accuracy

of the final data and therefore has to be established are the emissivity

coefficients of the reference holes in the samples. These coefficients were
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Idetermined independently by measuring the apparent temperature of sample

holes of varying dimensions. A 0.5 mm dia x 10 mm deep hole in porous

graphite served as the source for 'black" radiation and the measurements

Iwere carried out at the same temperature as the previous experiments,

i.e. 2245 00.

Table 6. Effect of the Number of Quartz Windows on the

Apparent Temperatures of a Black Body Hole

Number of Measured Temperature Difference
Quartz Windows (OC) (Mean Value)

1 2245 + 4 -

2 2220 + 4 25

3 2193 + 4 26

The observed emissivities, as calculated

jfrom equation 1, were only slightly dependent on the alloys used, but are

affected significantly by the dimensions of the black body hole, as shown

from the data in Table 7. In order to minimize the corrections to be

applied for non-black body conditions, the initially selected hole diameter

of 1.0 mm was changed to 0.6 mm. Figure (16) shows the temperature

[correction chart as computed from equation 1 for the interesting range of

emissivity factors and for the quartz window.
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Table 7. Mean Emissivity Coefficients of Black Body

1Hole in Metallic Specimens

Hole Dimensions Mean Emissivity
(dia x length), mm Coefficient

1.3 x 3 0.97

1.0x 3 0.98

0.6 x 3 0.995

e. Reproducibility of Results

The reproducibility of the measurements in

terms of the mean deviations in the individual measurements is about + 4°C

at 2000'C, < + 10°C at 2700'C, and approximately + 15'C at 3300'C. These

figures are based on sample materials where no side reactions or composi-

tional changes falsify the test results.

The temperature figures attached to the phase

jdiagrams refer to the mean value and the standard deviation in the measure-

ments. To obtain the overall uncertainties, the errors of the pyrometer

calibration have to be taken into account. Since these are comparable in

magnitude with the data given above, the overall uncertainties in the tempera-

tures are obtained by multiplying the reported standard deviations by V -.

f. Interpretation of the Results

One draw-back of the method lies in the fact,

that the exact course of the liquidus lines in a two-phase region cannot be

determined. The reason for this is that the sample loses its strength and

I] tends to collapse, once liquid phase is present; moreover, the observation
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hole tends to fill up with liquid and the temperature measurements become

inaccurate.

Sagging of the sample, sometimes observed

at temperatures close to melting, tends to distort the observation hole and

can be prevented by minimizing the axial force on the sample with the force-

balancing system described in paragraph (a).

EUTEC TIC TYPE

e E

0 PERITECTIC TYPE0P

A . A °0 ,'

A, B Intermediate Phases

L Liquidus Lines

e, P Eutectic and Peritectic Line

E, P Composition of the Eutectic and the Peritectic

A Incipient Melting Observed

0 Sample Collapses Due to Loss in Strength

Figure 17. Typical Melting Behavior Observed with the

Pirani Method (Schematic)
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Usually, the incipient melting temperatures

can be observed very accurately by the sudden emissivity change of the

inner hole surface, the formation of droplets in the hole, as well as by the

discontinuity occurring in the temperature-time history of the sample upon

linear power increase (Thermal arrest).

jThe differentiation between peritectic and

eutectic reaction types, as well as the approximate location of the correspond-

ing concentrations, can be achieved by an analysis of the observed melting

pattern. Typical cases are presented in Figure 17. At concentrations

approaching the location of the melting point maxima as well as those of

eutectics, the difference between observed incipient melting temperature and

the temperature at which the sample collapses narrows; they coincide when

these respective concentration points are reached.

g. Measurements on Molybdenum-Carbon Alloys

(1) Molybdenum

For the determination of the melting

point of molybdenum, approximately 10 grams of the powder material

(cf. analysis in Section 1) were placed in a steel die (Figure 4) and compacted

2under a pressure of 5 tons/cm. The green density d the compacts was

approximately 75% of theoretical. The cold-compacted material was then

placed on tantalum sheets and sintered for 1 hour at 1600°C under a vacuum

-5
of 1 x 10 Torr.

After insertion of the sample into the

clamping device of the melting point furnace, the chamber was evacuated
-3

three times to 10 Torr, and each time refilled with high purity helium to

atmospheric pressure.
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Measurements were carried out under
-3

vacuum (10 Torr) as well as under helium (1.3 atm). The results were

identical.

(2) Molybdenum-Carbon Alloys

The melting point specimens were

prepared by hot pressing mixtures of the elemental powders to a density

of approximately 70% of theoretical. After hot-pressing, the specimens were

ground to size and a 1 mm diameter x 3-4 mrnm deep hole was drilled into the

center portion of the sample (Figure 13). The specimens were then clamped

between the two copper electrodes (Figure 11) and held under slight compres-

sion (- 200 g) while heated. The initial runs under vacuum resulted in carbon

losses from Z to 5 atomic % in the alloys, and later experiments were there-

fore carried out under a helium pressure of 1.3 atmospheres.

It was found that porous compacts

(20-40%) were preferable to fully dense material, since considerably less

sputtering of the melt was encountered during the experiment and the

temperature readings could be performed more accurately. The steep

temperature gradient in the sample causes the melt to form first in the

interior. After the melting temperature has been reached, the observa-

tion hole in dense samples fills immediately with liquid, which, after partial

refreezing on the colder outer portions, causes the sample to burst upon

further power increase. However, in porous melting point specimens the

colder outer shell of the sample soaks up the melt from the interior, creating

in this way a cavity in the center. Slight power raises do not increase the

temperature, but merely affect the amount of melt formed. Thus, the observer
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has sufficient time to focus the pyrometer and to match the filament exactly

against the radiation coming from the observation hole. Upon continued

power increase the size of the cavity reaches finally the outer sample surface

and the specimen collapses. These various phases are shown in Figures 18

I to 20.

I

I

I

Figure 18. View through the Observation Window at a Melting

Point Specimen at Temperature.

Figure 18 shows a melting point sample at temperature as viewed through

the observation window. The magnification corresponds to approximately

one-half of that of the micropyrometer.
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Figure 19 shows a section of a sample shortly after incipient melting was

noted. A cavity in the center section of the specimen has already formed

by partial melting, but the observation hole is still intact.

Figure 19. Section of a Melting Point Sample after Incipient

Melting was Noted

Figure Z0 shows a sample from an experiment which was stopped shortly

before the sample collapsed. The observation hole has already filled with

melt and the boundaries of the vacuole have nearly reached the outer sample

surfaces. The sharply separated regions melt-solid give an indication of

the steep temperature gradients existing between center and outer portions

of the specimen.
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8. X-ray Investigations

After the heat-treatments and quenching experiments,

?owder diffraction patterns (Cu-Ka and Cr-Ka) were prepared from each

alloy. The X-ray readings were done with a Siemens-Kirem coincidence

scale. The precision micrometer allows the measurements to be accurate

to + .01 mm.

Figure 20. Section of a Melting Point Specimen Shortly Before

Collapse. (Note the observation hole filled with melt)

The spontaneous transformation of a-MoC1 -x on

severe grinding is known and therefore diffractometer runs were performed on

a -M°Cl -x containing alloys.
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9. Metallographic Inve stigations

The specimen preparation was done by grinding the

mounted specimens on silicon carbide papers with grit sizes down to 600.

Polishing was performed on microcloth, using Linde "B" alumina (0.05 p) in

Murakami's solution. From the various etchants, including electro-etch in

Z% NaOH, a solution of 4gKMnO 4 and 4 g NaOH in 100 ml water gave the best

results. The samples were etched at room temperature; the times required

to produce sufficient development of the microstructure varied from 3 to 10

seconds. The micrographs were examined and photographed on a Zeiss

Ultraphot II Metallograph.

10. Chemical Analysis

Free and bound carbon was determined using the

standard combustion technique For the determination of free carbon, the

alloys were dissolved in a mixture of nitric and hydrofluoric acid, the undis-

solved graphic carbon filtered off and determined by combustion.

The carbon-dioxide content of the gas mixture resulting

from the combustion was determined gasometrically by absorption in KOH.

For low carbon contents (below Q. 1 Wt%) the gas analysis was performed

conductometr ically.

In all cases standards were used for calibration of

the equipment and the results of both methods were periodically counter-

checked with gravimetric techniques. The results obtained are believed to

be accurate to within + . 05 Wt%. The oxygen content of a number of alloys

was determined by gas -fusion analysis.

-We acknowledge the help and advice received from Dr. Erik Lassner,
Metallwerk Plansee, AG.
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B. RESULTS

1. The (-Molybdenum -Phase

Nine melting temperature determinations were per-

formed on pure molybdenum and yielded a melting point of 2619 + 4°C,

j which is in perfect agreement with recent observations by B. Riley (4 8 ) of

2618 + 3°C.

The solubility of carbon in molybdenum was not

specifically investigated since the data are already well established and

indicate only extremely low solubilities. Alloys with nominal carbon con-

tents of 0.5, 1.0 and 1.5 atomic percent and which were quenched from

Z000°C were all two-phased and contained MozC carbide in precipitates

at the metal grain boundaries. The solubility must therefore be less, which

1 is in agreement with the earlier observations.

2. The Concentration Range a-Mo- a-MoC

Melting point determinations on alloys in the concen-

tration range from 5 to Z6 atomic percent carbon showed incipient melting

1temperatures close to ZZ00°C (Table 8). At compositions between 15 and 20

atomic percent carbon melting occurred fairly sharply indicating that the

approximate location of the eutectic c-Mo-a-Mo C had been reached.
a1Based on the results of the melting point determinations,

the eutectic line was found to occur at 2200 + 5°C; this was confirmed by

DTA-measurements (Figure 21) which also showed the eutectic reaction to

be the only isothermal phase change in the temperature range from 1100 -

2300°C occurring in this concentration region. The eutectic concentration

was determined metallographically on alloys, which were quenched in the

range from 2210 - 2250'C.
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Table 8. Melting Temperatures of Molybdenum-Carbon Alloys

At% C Number Melting Temperatures °C

of (Corrected)
No Nom. Anal. Runs Incipient Sample Collapsed Conditions Melting

1 0 0 9 2619 + 4 2619 + 4 1,2 Sharp
2 5.0 5.2 1 2211 - 2451 2- Very I-eter g

10.0 10.3 z 2208 + 4 2260 + 10 2 Heterog.
4 15.0 14.0 z 2205 T 5 2205 T 5 z Sharp
5 Z0.0 18.5 Z 2201 T 4 2201 T 4 z Sharp
6 ZZ.0 20.0 z 2198 T 4 2198 T 4 1 Sharp
7 24.0 Z 1. 6 z zz00 T 4 2206 T 5 1 Fairly Sharp
8 25.0 ZZ.8 2 2206 T 5 ZZZI 0 1 Heterog
9 26.0 24.1 2 2208 T 4 2226 T 4 1 Heterog

10 27.0 25.0 2 -- 2229 T 10 1 Very Heterog
11 28.0 26.3 2 2235 + 10 2309 T 8 1 Very Heterog
12 29.0 27.5 2 2267T 8 2313 T 5 1 Very Heterog
13 30.0 28.9 1 2390 2410 1 Slightly Heterog
14 31.0 30.1 z -- 2427 + 5 1 Slightly Heterog
15 32.0 30.2 2 2430 + 5 2451 T 4 1 Slightly Heterog
16 33.0 31.0 z 2475 T 4 2475 T 4 1 Sharp
17 33,5 32. Z z 2480 T 3 2480 7 3 1 Sharp
18 34. 0 32.0 3 2486 T 4 2486 T 4 1 Sharp
19 34.5 32.6 3 2469 T 4 2469 T 4 1 Sharp
20 35.0 33.0 3 2486 T 5 2486 T 5 1 Sharp
21 35.2 33.5 3 2510T6 2510T6 1 Slightly Heterog
22 35.2 34.2 z 2522 T 4 2522 T 4 1 Sharp
23 36.0 35.0 2 Z51Z T 10 2512 T 0 1 Sharp
24 37.0 35.8 z 2513 7 3 Z513 T 3 1 Sharp
25 38.0 36.6 z 2512T 4 2512 T 4 1 Sharp
26 39.0 37.4 z 2533T 6 2533 T 6 1 Sharp
27 40.0 38.1 Z 25407 6 2540T 6 1 Sharp
28 41.0 38.8 2 2550T Z 2550 T Z 1 Sharp
29 39.0 38.9 2 2547 7 3 2547 T 3 z Sharp
30 39.5 39.5 z 2547 T 3 2547 T 3 Z Sharp
31 40.0 39.8 z 2547 T 4 2547 1 4 2 Sharp
32 40.5 40.5 2 2576 T 8 2576 T 8 2 Sharp
33 40.9 41.0 2 2589 T 2 2589 T z Sharp
34 42.0 42.0 2 2599 7 4 2599 1 4 Z Sharp
35 42.5 42.6 2 2594 T 3 2594 T 3 2 Sharp
36 43.0 43.4 2 2578 T 4 2578 T 4 z Sharp
37 45.0 45.4 2 2580T4 2580 T4 z Sharp
38 47.0 47.3 z 2584 T 6 2584 T 6 2 Slightly Heterog
39 50.0 -- 2 2584 T 6 2590 7 8 2 Slightly Heterog
40 55.0 2 2585 T 6 2594 T 8 2 Heterog
41 60.0 2 2594 T 6 2655710 2 Very Heterog
42 100 2 3800 7 50 (Pc = T atm.) 3 Sublimation

Legend to Table 8: (1) Vac., 10-2 Torr. The Measurements were carried out
under slight helium flow to prevent fogging of observa-
tion window.

(2) He, 1.3 atm pressure
(3) He, 1.1 to 1. 3 'atm pressure
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Figure 21: Differential Cooling Curve of a Molybdenum -Carbon

Alloy with 2 0 Atomic % C
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The microstructure shown in Figure (22) reveals

the existence of primary molybdenum in a matrix of a-Mo - a-Mo 2C-

eutectic, while an alloy with 17 At% G (Figure 23) which was quenched

from 2210°C is purely eutectic.

Figure 22. Mo-C (14 At% C), Quenched from 22300C X500

Primary Crystallized Molybdenum in Matrix

of a-Mo - a-Mo C- Eutectic.2

The alloy with 18 At% carbon (Figure 24) quenched from the same tempera-

ture, shows already small amounts of primary Mo C, recognizable on the

banded structure (preferential precipitation of molybdenum on preferred

crystal planes).
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An alloy with 25.5 At% carbon shows small amounts of

I traces at the grain boundaries (Figure 25), whereas apart from precipita-

tion effects occurring during cooling, the alloy with Z6 At% carbon is single

jphase (Figure 26).

i

INIM

Figure 23. Mo-C (17 At% C), Quenched from 2210C X1000

a-Mo -- a-Mo 2C Eutectic

3. a.- and P-Mo C

Within the homogeneous range of the MoC the melt-

Iing temperatures increase steadily with the carbon concentration, reaching

a maximum 2486 + 5C at a composition of 32 At% C. Increasing the carbon

concentration further, the melting temperature drops again, reaching a

minimum at 32.6 Atj/ C, (2469 + 60), after which it reaches a second maxi-

mum (2522 + 5C) at a composition of 34 At% C.
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The metallographic examination of alloys, which

were quenched from a number of temperatures, revealed some interesting

features:

Figure Z4. Mo-C (19 At% C), Quenched from ZZlO°C XO000

Primary a-Mo C and Eutectic.

Up to a total carbon concentration of 32 At% the

alloys were single phase, as was found also by X-ray examination. It was

also noticed that the localized molybdenum precipitations from the Mo C-

phase, visible in the more metal-rich samples, disappeared after the total

carbon concentration exceeded approximately 30 At%.
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An alloy with 32.8 At% carbon, quenched from 1600, 2000, 2300 and Z400°C

jshowed a two-phase structure, although the appearance varied with the

quenching conditions. The microstructure resembled in many respects a

typical Widmannstatten -type decomposition structure.

, i 7 ,/, ,.,

\ii , / / /

I 2 / \'

I
Figure 25. Mo-C (25.5 At% C), Quenched from 2210'C. X750

I -Mo 2 C with Precipitations within the Grain

and Traces of Molybdenum at the Grain Boundaries

Since an alloy with 34 atomic percent carbon again

showed only one phase, it became apparent that, presuming a second phase

did exist in the neighborhood of Mo 2C, the corresponding two-phase field had

to be very narrow and was therefore likely to escape the experimental obser-

vation. An attempt was therefore made to determine the existence of the
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possible two-phase field by heating a sample with fixed composition under

a temperature gradient. A concentration-temperature dependent two-phase

field should in this experiment show up in the existence of a temperature

zone, where the two phases are in equilibrium.

.A, .- '- .

Figure 26. Mo-C (26 At o C), Quenched from 0.' C X500

a.-Mo C withPrecipitations and Pores (black)

For this purpose a sample similar to that used for

the melting point determinations was prepared, having a carbon concentra-

tion of 3Z.8 At% C. The diameter of the sample was 10 mm. The specimen

was heated by direct resistance until the temperature, observed with an

micropyrometer in a black body hole, which was drilled into the center of
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the specimen, reached 2460'C. The measured temperature at the outside

of the specimen was Zl70*C, yielding a temperature gradient 580'C per cm

from the interior to the surface. After equilibration for about 5 minutes,

the sample was quenched by dropping it into a tin bath. The result is shown

in the micrograph in Figure 28, revealing the coexistence of two phases at

high temperatures.

I

7,i 1++ ++, v

Figure 27. Mo-C (32.2 At% C), Quenched from 248 0 C. X1000

Single Phase a-Mo C (Cracks are due to Rapid Cooling)

Since no second phase could be detected by X-ray

methods in furnace cooled specimens, a series of alloys was prepared under

varying quenching conditions and subjected to X-ray and metallographic
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analyses. In alloys, which contained less than approximately 32 At% C,

only the hexagonal close-packed pattern of the MO C-phase could be observed

in the powder pattern. A splitting of certain diffraction lines was observed

in quenched alloys in the concentration range 32.5 - 33.5 At% C. This effect

disappeared again, once the carbon concentration exceeded 34 At% C.

aC

Figure 28. Mo-C (32.8 At% C), Heated Under a X25

Temperature Gradient and Quenched

Zone a: 3-MozC (T = Z460°C)

Zone b: a- + P-Mo2C (T'2300°C)

Zone c: a-MozC (T <2300-C)
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t At carbon concentrations in excess of 35 - 36 Ato, small amounts of

r-MoC1 -x were present, indicating that the two-phase range Mo C-l-MoC 1 -x

Fiur 29 -xC(4 toCQenhdfo 40C X5

i
i
I

I -'

~Figure 29. Mo-C (34.0 At% C), Quenched from 245000 X750

Single Phase P-MozC (Cracks are due to

Rapid Cooling)

had been reached. The X-ray findings are in accordance with the metallo-

graphic examination (Figures 29 and 30) of these specimens.
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A closer inspection of the diffraction lines revealed

that the line splitting was not accidental and also that it was restricted to

certain diffraction lines only while the majority remained single and sharp.

Figure 30. Mo-C (35.8 At% C), Quenched from 2400°C X2500

Localized Precipitations of -q-MoC 1 -x in

-Mo 2 C

Since such phenomena are commonly related to lattice distortions, an

attempt was made to index the powder pattern on the basis of an orthorhombic

setting of the hexagonal axes. These attempts were not successful and no

usable structure proposal along these lines could be derived. Comparing

58



the indices of the planes which produced the double or diffuse lines, and

by taking exposures with chromium radiation for further line resolution,

it was noticed that all diffraction lines having indices (hkio) remained sharp,

Iwhile the diffraction lines from planes ( 0001) showed the greatest separations;

the diffraction lines (hkTI) showed an intermediate behavior, with the line

Iseparation increasing with increasing (1). Based on intensity measurements

on the diffraction lines, the existence of a phase mixture seemed to be the

most plausible solution and the films were indexed on the basis of two iso-

1 structural (hexagonal close-packed) phases, having the same a-spacing but

differing in the size of the c-spacing.I

IFigure 31. Diffraction Pattern (Cr-Ka) of a Molybdenum

Carbon Alloy with 33 At% Carbon, Quenched

I From ZOOO0 C

The evaluation of the diffraction of a molybdenum carbon alloy with 33.0 At% C,

containing both phases in about equal amounts, is listed in Table 9 and accounts

I for all observed diffraction lines. A chromium-K exposure is shown in
a

Figure 31. Summarizing the high temperature experimental find-

I ings in the concentration range from 30 - 35 At% C, it has been found

that IVMo2C separates into two isostructural phases at high temperatures.
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The concentration gap between the two phases is extremely narrow and at

any temperature does not exceed 1. 0 At% C. No upper critical solution

temperature has been found and instead, both phases melt congruently. In

view of the small concentrational differences involved, which preclude the

exact experimental verification, the existence of a eutectic reaction between

both phases is deduced from the melting point determinations.

The next question which arises concerns the lower

temperature stability of the carbon-rich modification (P-Mo C).

Metallograph examination of the pure P-Mo ZC-phase

which was obtained by quenching under varying cooling rates revealed growth

of a second phase once the cooling rates were below a critical value. The

fact that no P-phase could be detected in very slowly cooled material and

also not in alloys which were heat-treated below 1400°C, indicated that

P -Mo C is not stable at low temperatures, decomposing either to a-Mo C

+ q-MoC 1 -x or to a-Mo C + graphite. The differential cooling and heating

diagrams of an alloy with 33 Atomic % carbon are shown in Figure 32 and

reveal a thermal arrest at 1470°C. The reaction proceeds very sluggishly,

as can be seen by the same diagram on an expanded temperature scale

(Figure 33). The significant feature representative of the true temperature of

the isothermal phase change is the onset of the reaction (recognizable on the

change of slope of the AT-T curve) in the cooling cycle.

The decomposition of the P-Mo C-phase proceeds by

nucleation of the a-Mo C-phase (+ carbon), and subsequent growth of the

a-MOz C-phase at the expense of the P-phase, as shown in Figures 34 and 34a.

* As a matter of convenience for the subsequent discussions, we shall refer
to these phases as a- and P-Mo2 C.
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Heating Rate: 30 sec
- 1

Cooling Rate: 2.80 sec-1

Ik

AT

2300 2100 1900 1700 1500 1300

T (C)

Figure 32. Differential Heating and Cooling Curve

of a Molybdenum-Carbon Alloy with

33 Atomic %/o Carbon
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e(49)

The growth of the a-phase is oriented and it may be assumed that the

initial nucleation and growth (platelets) proceeds along the matching (10T)

plane of both structures

L Heating Rate 1. 8 sec-

I Cooling Rate 1.4
° 

sec-

~1475

AT

1500 1400 1300 1200 1100 1000

T ('C)

Figure 33. Differential Heating and Cooling Curve of a Molybdenum-

Carbon Alloy with 33 Atom % Carbon. Medium Temperature

Scale

The homogeneous range of the MoC-phase was determined on rapidly

quenched alloys which were prehomogenized by arc melting.

The metal-rich boundary of the a-Mo C at the eutectic

temperature as deduced from metallographic examinations (Figures 25 and

26) from the results of the melting point investigations (Table 9) is located
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Table 9. Powder Pattern of a Molybdenum-Carbon Alloy with 33.0 At%

Carbon, Rapid Quenched from 2000°C

103 sin 2 0 10 sin 20 I (2)
No calc.(1) Observ. observ. hkil hki ia

1 87.49 86.86 5 1OTO 10-10
2 103.95 0002

105.71 000Z113.47 10]-i

113.9 113.60 10 1011
113. 1 10

4 191.44 191.76* 5101193.Z5 }  116 510]1-

5 Z62.45 Z62.50 5-6 11Z0 1170
6 321.38 322.1Z 5} s.d. 101-3
7 325.45 325.80 10-13
8 349.94 349.80 1 20z0 Z020
9 366.41 11zz

368.ZZ 367.60 5 s.d. 1IZZ
375.93 4 021
376.38 27

10 37 8 }  375.49 4 221

11 415.81 415.80 1 0004
12 423.04 42Z.80 1 - 0004
13 453.89} 45416 3 s.d. 2022

455.70 s 202z

14 503.29 503.63 1- 10-4
15 510.53 510.47 1- - 10-14
16 583.83 584.00 3} d ZO23
17 587.90 588d00 203
18 612.40 612.48 2 z130 2170

638.38 213119 638:83 } 638.74 5 2131

20 678.27 678.53 3 1 12f4
21 685.50 685.47 3 1I-Z4
22 716. 35 213z718.16 } 717.00 3 s.d. ZI7Z

Z3 737. 19 737.ZZ 2 101-5
Z4 748.49 748.7Z Z-3 1015
25 765.75 766.00 1-} v.d. 2074
26 772.98 773.10 ZO-204
Z7 787.37 787.40 3 3070 30-0

Z8 846.29 848.0 6 v.d. Z173
850.36 2173
889.31 3072

29 893.13 } 891.70 5 d 30-52

30 935.57 936.06 1 0006
31 951.84 951.74 1 0006

Legend to Table 9: (1) The calculated lattice arameters are based on
a=3.007k, c=4.737 for a-Mo C, and
a=3.007 ., c=4.77 8 R for the a-Mo C phase.

(Z) Visual estimate, intensity scale 0 - 10

*Lines resolved with Cr-Ka - radiation
s.d. - Slightly diffuse
d. - Diffuse
v.d. -Very diffuse
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at 26 At% C. The lattice dimensions at this composition could not be

determined, since even by using rapid quenching techniques, the precipita-

tion of molybdenum from the carbide matrix could not be prevented. No

disproportionation of the alloys was encountered in the alloy series which

was quenched from 2000'C. Homogeneity was found to exist between 30

and 3Z. 7 Ato C (a-Mo2 C) and 33.5 and 34 Atyo C (P-Mo 2 C). The X-ray

results on the chemically analyzed alloys are summarized in Table 10 and

the cell dimensions are presented in graphical form in Figure 35.

• /A/

c-

Figure 34. Mo-C (34 At% C), Cooled with Approximately X750

20C per Second From 2400C

Decomposition of P-Mo ZC: Oriented Growth of the New Phase

(aL-Mo C) in Originally Homogeneous Grains of P -Mo ZC

64



Table 10. Homogeneous Range of the a-MoC-Phase at Z000°C

X-Ray and Analytical Results on Quenched Alloys

Anal.Determ. Lattice Parameters, Phases Present
No Composition Mo C Mo (X-Ray)

At% C. a c a

I Z6.4 2.9905+2 4.729+1- 3.1470 a-Mo C + a-Mo

2 Z7.0 2.9908+4 4.729+1 3. 1473 Ia-Mo C + a-Mo

3 27.4 2.9910+4 4.728+1 - a-Mo C + a-Mo

4 Z8.9 2. 9910+5 4.728+1 - a-Mo2 C + a-Mo

5 29.3 2.9905+5 4. 729+1 - a-Mo C + Traces a-Mo

6 30.1 2. 9895+5 4.728+1 - a-Mo C

7 30.5 2.9930+5 4.730+1 a-Mo2 C a-MO2 C

8 30.9 2.9960+5 4.732+1 - a-Mo C

9 31.8 3. 0000+5 4. 732+1 - a-Mo C

10 3Z.0 3. 0015+5 4.734+1 - a-Mo C

11 32.3 3.0040+5 4.734+1 - a-Mo C

12 32.7 3.005+1 4.733+1 - a-Mo C
2

13 33.0 3.006+1 4.734+1 - a-Mo zC + 3-Mo zC

14 33.5 3.007+1 4.778+1 - -Mo C + P-MoC

15 34.0 3.010+1 4.780+11 P-Mo C P-Mo C

16 35.0 3.0105+5 4. 780+1 - P-Mo2 C + Traces -q-Mo

17 36.0 3. 0105+5 4. 782+1, -- Mo 2 C + rq-MoC1 -x

The a-axis of the unit cell increases practically linearly

with the carbon concentration and shows no marked discontinuity. The c-axis,

which is nearly constant over the entire homogeneous range of the Q-phase,

shows an abrupt change to higher values at the a-p-phase boundary.
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Towards lower temperatures the metal-rich phase

boundary moves to higher carbon concentrations. Alloys with 29, 30 and

31 At% C, heat treated at 1400°C, were all two phase and contained excess

molybdenum, while an examination of an alloy with 32. 3 At% C, heat treated

at 1300°C revealed only the existence of the carbide phase. These findings

are in accordance with earlier observations ( 9 ,15,16)

Figure 34a. Mo-C (34 At% C), Cooled with Approximately X2500

20°C per Second from .400°C

Formation and Growth of a-Mo2 C-Nuclei in a Homogeneous Matrix

of P-Mo 2C.

The homogeneous ranges of the a- and P-Mo 2C -phase obtained from X-ray

lattice parameter data (Table 10 and Figure 35) are consistent with the

metallographic observations. However, a slight dependence of the relative
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lattice dimsneions (c/a) on the quenching temperature has been observed

and there is some uncertainty with regard to the relative extent to which

the high temperature equilibrium states had been retained in the a- and

jP-phase, respectively.

Without going into detail, it may be indicated at this

I point that the anomalous lattice changes may be related to homogeneous

disordering reactions of the carbon sublattice. We shall return to a discus-

sion of this question in a later section.

I

I 70

1 lb ° -

Figure 37. Mo-C (38Ato C), Quenched from 2500 0 C. Xl000

Single Phase q-MoC Ix with Pores (Black)

4. The Concentration Range Between 33 and 39 At%0

Carbon. The Thermal Stability of the -q-Phase.

An examination of the melting temperatures (Table 8)

of molybdenum-carbon alloys in this concentration region indicates, that
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melting occurs virtually isothermally in the range from 34 to 37 Atjo C.

Starting at about the latter composition, the melting temperatures increase

slightly, reaching a maximum of 2550°C at a composition of 38.8 atomic

percent carbon. Quenched alloys in the concentration range from 35 to 37

atomic percent carbon were two-phase (Figure 36), and the X-ray patterns

showed P-Mo 2 C and r1-MoC,x to be present in varying amounts.

Figure 38. Mo-C (38 At% C), Cooled from Z500°C and X1000

Approximately 20°C per Second.

Early Stages of Decomposition of the r1-phase into P -Mo C and

Graphite.

Alloys with carbon concentrations higher than 38 At%

and which were quenched from temperatures above 1800°C were generally

single phase (Figure 37), although in some instances partial decomposition
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of the T-MoC 1 x-phase into P-Mo 2 C and graphite could not be fully prevented.

This applies especially to those instances, where slower cooling rates were

used, (Figure 38). Similar to the findings at the metal-rich phase-boundaries

of the MozC -phase at high temperatures, samples at the carbon-rich phase

boundary of the P-Mo 2C-phase, and at the metal-rich phase-boundary of

the q]-MoC l -x -phase at high temperatures cannot be retained as a single

phase even by using the rapid quenching techniques described in Section A-4.

/ .1

! / 7 / ~

.// ,///',

Figure 39. Mo-C (35.8 At% C), Rapidly Quenched from XZ000

Z4700C. Localized Precipitations of -q-MoC1 -X

in Originally Homogeneous Matrix of 3-Mo2 C.i
The alloys disproportionate extremely fast and homogeneity at high tempera-

[ tures can often be deduced only from the appearance of the micro structures.

Figure 39 shows the microstructure of a molybdenum carbon alloy with

35.8 At% C, which was rapidly quenched from 2470'C. The X-ray
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examination of the alloy revealed the main constituent to be 3-Mo 2C, accom-

panied by smaller amounts of 1 -MoC1 _x There were also a few weak dif-

fraction lines present which could not be attributed to either the P-or the

-q-phase. These lines were only observed in alloys which were quenched

from temperatures above 2400°C, and were not present when the quenching

experiments were performed with lower cooling speeds. Since these lines

were only occasionally observed, and also only, where heavy precipitation

could be expected to occur, it was concluded that the diffraction lines did

not correspond to an equilibrium phase.

An explanation of the appearance of non-equilibrium

(transition) phases may be sought in the structural similarities of both

phases. Precipitation from P-MoC as well as from 71 -MoC 1 x (Figures 38

and 39) initiates on preferred crystal planes [probably on (0001), because

of the nearly identical dimensions and occupational densities] and. epitaxial

phenomena may lead to the formation of structures with faulty stacking dur-

ing the initial stages of precipitation, i.e. while the layer thickness of the

precipitate phase is still very small.

Differ ential-thermoanalytical measurements were carried

out on alloys with carbon contents of 35 and 38 At%. While for the alloy with

35 At% C the thermal arrest associated with the decomposition of the -Mo 2C-

phase was still fairly well developed, it could not be differentiated with cer-

tainty from the experimental background for the alloy with 38 At% C.

A second sharp thermal arrest was observed at

temperatures between 1640 and 1690°C, and was identified as being due to the

formation (heating) or decomposition (cooling) of the 1-IMoCi-x- phase. The

temperature difference observed in the onset of the reaction in the heating
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or cooling cycle (Figure 40) is a kinetic effect and approaches zero, as the

heating or cooling rates approach zero. Using measurements with heating

and cooling rates from 1.5 to 100C per second, the true temperature of the

non-variant (eutectoid) equilibrium was extrapolated to be 1655 + Z00C. No

further thermal arrests in this concentration region were observed in the

DTA-runs, which were extended up to Z400°C.

The low temperature decomposition of 71-MoC l -x was

studied in some detail by metallographic, X-ray, and analytical methods.

Table (11) shows the result of the X-ray and analytical

investigations on quenched alloy material. The findings are in agreement

with the conclusions reached from the differential-thermoanalytical investi-

gations. Samples with total carbon contents varying from 39 to 45 atomic

percent after an initial equilibration treatment of 30 hours at 15500G showed

Ca-MO2 C, P -MoZC, and graphite as main constituents, and traces of 71-MoCI - x

The average content of bound carbon in these alloys corresponded close to

the stoichiometric composition of the Mo C-phase. Rapid quenching of this

prehomogenized material at 16000C revealed only P-Mo 2 C and graphite,

sometimes with traces of -1 -MoC 1I x present.

{In this connection it may be mentioned, that while the

initiation of the decomposition of 11-MoC1 _ x shows itself to be a compara-

tively fast process, fairly long annealing times at temperatures below the

eutectoid line are necessary to complete the reaction, i.e. to decompose

the -- MoC 1 x-phase completely. The presence of small amounts of TI-phase

in the low temperature quenching experiments have therefore to be understood

as arising from kinetic effects.

73
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Figure 40. Differential Heating and Cooling Curve of a

Molybdenum-Carbon Alloy with 38 Atomic %

Carbon
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If the quenching temperature is raised to i700-1800°C,

the anount of bound carbon increases to approximately 39 atomic percent,

and the X-ray examination reveals only the presence of the 11-MoC -x-phase

(Table 11). The process is reversed if alloys which were initially quenched

from temperatures above the eutectoid line and which therefore contained

only the 1j-phase (with or without excess graphite) were reheated at lower

temperatures and quenched (sample 7 in Table 11).

~~,'i ' <

Figure 41. Mo-C (45 At% C), Annealed for 30 Hours X500

at 1550°C under 16- Torr, and Slowly Cooled.

a-MozC + Graphite.

The microstructure of a molybdenum carbon alloy

with 45 At% C, annealed for 30 hours at 1550 0 C is shown in Figure 41. The

structure shows two phases and consists of Mo C and graphite. The
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microstructure of the same alloy, but quenched from 17OC is shown in

Figure 4Z. Most of the graphite initially present has reacted with Mo C to

form 1]-MoC1 ,, the excess graphite being distributed along the subgrain-

boundaries of the structure. The striated structure of the metallic phase

indicates that nucleation of the P-Mo zC in the TI-MoC 1 x phase has already

j taken place.

I

Figure 42. Mo-C (45 At% C), Equilibrated for 10 min. X500

at 1720°0 and Quenched.

'q -MoCI-x (in the Initial Stages of Decomposition)

and Excess Graphite on Subgrain Boundaries.

The same alloy (Figure 42) was equilibrated for

Z5 hours at 15500C and quenched from this temperature. The X-ray examina-

I tion revealed as main constituents 1-Mo2 C and graphite, with only small
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amounts of undecomposed T]-MoC1 -x left. The resulting microstructure

(Figure 43) shows a typical, partly reannealed decomposition structure.

Figure 43. Mo-C (45 At% C), Sample from Figure 42, X1000

Equilibrated for Z5 Hours at 1550°C and

Quenched.

P-Mo z C with Graphite on Subgrain Boundaries

The graphite has collected mainly at subgrain boundaries as displayed in

Figure 44, which shows the same structure at a lower magnification.

In summarizing the experimental findings in this con-

centration region, it could be shown that r-MoC x decomposes in a eutectoid

reaction at 1655'C into P-Mo2 C and graphite. At higher temperatures the

homogeneity range of q-MoC_ -x extends to lower carbon concentration, reach-

ing 36.7 At% C at the eutectic temperature P-Mo. C - --MoC _x (Z 510 + 30C).
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In the P-MozC-phase additional interstitial positions

Iare being filled at higher temperatures, bringing the overall composition

of this phase to 36.3 At% C at 2510°C.1
I

1

Figure 44. Mo-C (45 At% C), Sample from Figure 42. X500

Equilibrated for 25 Hours at 1550°C and

Quenched.

Decomposed 9-MoC1 -x with Graphite

Precipitated at Subgrain Boundaries

The existence of a critical solution temperature

(complete transition) between the P-Mo C and the q -MoC 1 x phase could not

be established, although the concentration gap between both phases becomes

very narrow at high temperature. Due to the narrow separation of both phases
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at high temperatures, the eutectic between 11-MoC and 3-Mo C was not

observed metallographically, but was deduced from the variation of the

melting points with the carbon concentration.

5. The Concentration Range Above 39 Atomic Percent

Carbon. The c-MoCx1 -Phase.

An examination of the melting temperatures of

molybdenum carbon alloys (Table 8) in this concentration range indicates

that after reaching a maximum of Z550°C at a composition of -39 At% C,

melting within the next larger atomic percent range is virtually isothermal.

A sharp increase of the melting temperatures is noted at approximately

40 At% C, reaching again a maximum (2600°C) at a composition of 4Z At% C.

In alloys with carbon in excess of 43 At% C the presence of free graphite

could be visually observed. Alloys in the range from 43 to 55 melted sharply

at approximately 2584°C, while the alloy with 60 atomic percent carbon showed

first signs of heterogeneous melting. This indicates that the concentration

of the carbon-rich eutectic had been passed. Since the existence of the

cubic (B 1) phase as a high temperature phase in the concentration region

around 40 At% C was known from our previous investigations, attempts were

made to determine its temperature and concentration range of stability.

DTA-runs were performed on samples containing

40, 41, 43, 47, 50 and 63 atomic percent carbon and the investigations were

in some cases extended up to 3200°C.

Recalling that in the DTA-run of the alloy with

38 Atomic percent carbon (Figure 40) only one thermal arrest was observed

in the solidus region above 1500°C, (indicating that only one solid state

80



reaction occurred at this concentration up to melting) the behavior of the

alloy with 40 atomic percent carbon is quite different (Figure 45). The

thermal arrest slightly above 1600'C, appearing on the heating as well as

I on the cooling curve, can, by comparison with the preceding diagram

(Figure 40), easily be identified as being due to the formation of the ]]-phase

from P-MoC and graphite. A second, sharply defined thermal arrest is

observed at 1960°C. The temperature lag of this reaction is much smaller

than that observed with the q-phase, i.e. the underlaying solid state reac-

tion proceeds comparatively faster than that associated with the formation

or decomposition of the q-phase. The only other phase known to occur in

the system molybdenum-carbon is the cubic phase, and we therefore attribute

the second thermal arrest as being due to the appearance of the cubic phase.

The melting temperatures observed by the DTA-runs,

although not comparable in accuracy with the results obtained by the resistive

heating method, are in good agreement with the measured values in Table 8.

With the exception of a slight change in the melting

temperature, the DTA-diagrams of the more carbon-rich alloys were identi-

cal as displayed by Figure 46, which shows a heating and a cooling curve of

1. an alloy with 50 atomic percent carbon.

An effect worth mentioning concerns the very strong

Isupercooling effects observed in the solidification of carbon-rich alloys.

This effect, never noticed in alloys with a carbide as the primary crystalliza-

tion product, was consistently observed, once the alloys had carbon contents

in excess of the eutectic concentration, i.e. at concentrations, where graphite

was the primary crystallization product. Figure 47 shows the solidification

curves of an alloy which originally contained 40 atomic percent carbon.
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After several remelts, which increased the total carbon content above the

eutectic composition, the solidification curve shown in the lower portion

of Figure 47 was obtained repeatedly. Supercooling of the melt by more

than 1000C was observed until solidification, followed by a sudden rise in

temperature, started. It may be assumed that the carbon atoms in the melt

also mainly occupy interstitial positions, and the effect may be due to

hindered nucleation of carbon from the melt.

The formation of the cubic a-MoCl -x phase from

-MoC-x and graphite was studied by X-ray and analytical, as well as by

metallographic techniques, using rapidly quenched alloy specimens. Since

it was observed that the decomposition of the cubic high temperature phase

was a much faster process than the disproportionation of i 1-MoC l x ) very

thin sample platelets (1 - 2 mm) were used to achieve effective quenching

conditions.

In agreement with the DTA-findings, the X-ray patterns

of alloys quenched from 19000C showed the pure Tq-MoC-x -phase. The

average content of bound carbon in these alloys was approximately 39 atomic

percent (Table 12). With sufficient graphite present, the alloys quenched

from 20000C showed only a-MoCl x . In some cases quenching was not

complete, and small amounts of 1j-MoC _x , formed by partial decomposition

of the cubic high temperature phase, were noted. The bound carbon content

in the a-MoC l -x phase slightly above the peritectic temperature is -40. 9 At%,

and therefore somewhat higher than the carbon content of the r-phase, prov-

ing them to be two distinct phases.
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The decomposition of a-MoC _x was studied by

prehomogenizing alloys above the eutectoid line and quenching them from

temperatures slightly below the decomposition temperature.

The presence of significant amounts of a- and

-Mo 2 C in addition to q -MoC I  in the alloys, which were held only for
1
-X

short times below the decomposition temperature indicates that at this

temperature a-MoC1 -x decomposes first into metastable phase mixtures

of MozC and graphite, which then form the equilibrium phases in a second

reaction step. The decomposition process of a.-MoC I -x can therefore be

presented as proceeding in the following steps:

Moq. 69 3 (a) k1  > MoC 0.50 + 0.19 C (a)

MoC,0.5 + 0. 14 C 16550 < T < 1960°0(
k 2M °C,° 6 4 ( ) (b)

with the rate constant ki being greater than k2 . Below 1655C reaction (b)

proceeds from the right to the left. Effects of this kind have been frequently

observed with other substances (Ostwald'sche Stufenregel).

The close structural relationships between a-MoCl1 ,

and the hexagonal q-MoC 1 x - p h a s e did not rule out the possibility for the

existence of a critical solution temperature of both phases. However, an

analysis of carefully quenched alloys in the concentration region from 39 to

40.2 alloys revealed a two-phase structure in most of the alloys. While at

lower temperatures, the alloys up to 39 atomic percent carbon were single

phase -- MoCl x, an alloy with 39.2 atomic percent carbon contained signi-

ficant amounts of the Bl-phase. Alloys with 40.3 atomic percent carbon,
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which were quenched from Z0000 and Zl00 °C contained as the major con-

stituent a-MoCl x , with only small amounts of q-MoC l -x present. The

same alloy quenched from 23000C was single phase a-MoCI_ x .

The extremely fast decomposition rate of the cubic

high temperature phase is well known and the argument that the quenching

experiments might not be fully representative of the high temperature

equilibriums_ state, cannot be entirely rejected. However, the results of

the melting point measurements, as well as the fact that both phases could

be practically completely retained in their respective concentration domains

point more towards the existence of a small, but finite concentration gap

between both phases over the entire temperature range. Also in favor of

this interpretation are the DTA measurements as well as the results of the

chemical analyses which identify them, at least in the low temperature range,

as two distinct phases.

The eutectoid decomposition of a-MoC1-x was studied

metallographically, and the results are shown in Figures 48-51. The X-ray

examination of the alloy in Figure 48 showed only the cubic high temperature

phase to be present, although the striae visible in the structure indicates

that the nucleation reaction had already initiated in certain areas. The

structure shown in Figure 49 seems to be representative of slightly sub-

critical cooling speeds, i.e. cooling-rates which are slightly lower than

those required to prevent decomposition of the a-MoCi x phase.

Cooling rates of approximately 40°C/sec. produce

structures as shown in Figure 50, containing about equal amounts of un-

converted a-MoC 1x and -]-MoCI x and Mo C as reaction products.

Figure 51 shows a microstructure of an alloy which was cooled with
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approximately 80°C per second from Z3000 to 1850°C, held for approximately

half a minute at this temperature, and then rapidly quenched. The X-ray

examination showed only the r-phase to be present, i.e. Mo. C, formed in

the initial steps of the decomposition, has already completely reacted to

the equilibrium products at this temperature.

I

'IW

0
O

Figure 48. Mo-C (43.8 At% C), Rapidly Quenched XI000

from 2550°C.

a-MoC1 -x with Traces of Free Carbon.

The Striae Visible in Some Grains are Signs of

the Beginning Decomposition.

The carbon-rich boundary of the Q-MoC l -x as a

function of temperature was determined by analysis of rapidly quenched

alloy material with excess carbon. The samples used for the quenching
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studies were thin-sliced cylinders of approximately 1 nn height, and the

crystal phases presented after quenching were examined by X-rays. In

nearly all cases quenching was practically (Figure 52) complete.

k h

/ / - / /C'"" x

Figure 49. Mo-C (41 At% C), Cooled with Approximately 1000X

80°C/sec.

Growth of Nuclei in Originally Homogeneous

Matric of cL-MoC I-x . (X-ray: cL-M°C I-x)
Mo C , andq-Mo I -x )

The results of these studies are summarized in

Table 13. Carbon content and lattice parameters of the a-MoC I x-Phase

(Figure 53) increase steadily with temperature, reaching 43 atomic percent

carbon and 4. 281 X, respectively, at 2580'C, the carbon-rich eutectic line.

go



Table 13. Carbon-Rich Boundary of a-MoC_ : X-Ray and Analytical
Results on Quenched Alloys

I IAnalyt. Determ. C omposition
Quench. Atomic % C Phases Present Lattice

No. Temp. °C Total Bound (X-ray) Parameters

21 Z00 41.2 Q-MoC- 4.267, -X

2 2100 42.4 41.6 :-MoCI  4.270

-X3 ZZ00 42. 3 41.9 CL-MoC I  4.2Z75

1 4 2300 41.3 41.25 a-Mo 1 - 4. Z67

5 2300 42.3 4Z. 25 o-MoC 4.275l -x

6 2300 } 43.0 42.2 aL-MoO 4.2Z73

7 Z300 43.8 42.0 a-MoC1  4. 274

8 2340 42.0 42.0 C-MoO 1  4.273

9 Z340 43.1 4Z. 3 ct-MoC 4.274

10 2340 44.9 4Z.1 a-MoC1  4.274

1 11 2540 42.1 42.1 a-MoC 4.274

12 2540 43.4 42.9 a-MoC1 -x 4. Z78

= 13 2550 43.8 43.0 a-MoCI1 x  4. Z81

I
The homogeneous melting behavior of the alloys with carbon contents from

j 43 to 55 atomic percent (Table 8) already gave an indication for a rather flat

liquidus curve in the carbon-rich portion of the system. For the experi-

mental determination of the composition of the graphite-saturated melt alloys

with initial carbon concentrations varying between zero and forty atomic percent

were equilibrated with graphite at temperatures above the carbon-rich eutectic

Iline of the system.
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The alloys were held for approximately 20 minutes

at the chosen equilibrium temperature and then quenched in order to avoid

segregation of graphite from the higher density melt.

Figure 50. Mo-C (41 At% C), Cooled with Approximately XZ50

40°C/sec. from 2300 0 C.

Subgrain Decomposition of a-MoC1 -x
(X-ray: a-MoC _ x  l-MoC- ) and Mo 2C in

About Equal Amounts.)

The results of the chemical analysis, obtained on

duplicate runs (Table 14) are presented in graphical form in Figure 54.

An alloy with 43.4 atomic percent carbon, which was

quenched from 2590°C showed a-MoC1 -x to be the primary product of

crystallization, while the alloy with 45 At% C (Figure 55) was practically
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pure eutectic. The eutectic structure is not characteristic. An alloy with

1 48 atomic percent carbon, quenched from Z630°C, already contains signifi-

cant amounts of primary crystallized graphite (Figure 56).I

A15

Figure 51. Mo-C (41 At% C) Cooled from Z3000 C to XO000

1850'C (' 80°C/sec), Held for 30 sec at

I 1850°C and then Quenched (X-ray: q -MoC I x )

1 6. Investigations in the Low Temperature Range

The results of additional investigations performed

in the temperature range from 1300°to 1600°C are summarized in Table 15.

The studies were performed on quenched as well as on annealed and furnace-

cooled alloy material. The results are in accord with the findings at higher

temperatures, although in many cases equilibrium could not be attained.
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This is probably to be ascribed to the low reaction rates at these

temperatures.

(220) (200) (111)

(31 )- 30

68 75

120

(4(0)2

ii ) (4 ,2) (3'I

(400)

69.5 62.0 53.7 51.8 46.2 38.7 36.7 30.7 21.1 18.2

4 0

Figure 5Z. Diffraction Pattern of the Cubic (Bl) High Temperature

Phase in the System Molybdenum-Carbon

7. Assembly of the Phase Diagram

The melting temperatures of molybdenum -carbon

alloys are summarized in graphical form in Figure 57. The size of the

experimental points corresponds to the average temperature-concentration

uncertainties encountered in the experiments. The melting temperatures

obtained by DTA-techniques agree within the experimental error with the

results from direct resistance method.
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The differ ential -thermoanalytical investigations

over the entire concentration range are summarized in Table 16, and are

presented in graphical form in Figure 58.

I

14.28

4.27

d

41 42 43

Atomic 76 Carbon

Figure 53. Lattice Parameters of the Cubic (Bi)

Phase in the System Molybdenum-Carbon

The experimental results are combined in the complete

phase diagram shown in Figure 59.

C. THE a-3-PHASE SEPARATION OF THE Me 2 C-PHASES

Before we proceed with an attempt to discuss the phase-

separation of the Me 2C-phases on a thermodynamic basis, we shall briefly

review the experimental evidence. It then will be useful, to correlate the

experimental findings with the structural properties of the MezC-phases,

in order to arrive at a model for the calculations, and to examine present

theories for their applicability to our problem.
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In the course of a thermodynamic analysis of the phase-

equilibria occurring in the system W-Cr-C agreement between experiment

and calculation could be achieved only by assuming an essentially disordered

3200 --

0

I-ILU 3000

Cr
~L

w
0- 2800
w

I L +I GRAPHITE

2600 -

a-M°- ± GRAPHITE

50 60 70 80

ATOMIC % CARBON

Figure 54. Liquidus Curve in the Carbon-Rich

Section of the System Molybdenum-

Carbon

carbon sublattice of the (WCr) C solid solution at higher temperatures(52)

Based on this indirect evidence, the investigations were extended to the

respective binary carbides, with the specific intent to search for phenomena,

which may be related to homogeneous disordering reactions occurring in

the carbon sublattice of these compounds. For these investigations, the

system molybdenum-carbon appeared to be the most attractive, since Mo 2C

is the only stable phase in the lower temperature range, and therefore no

interference from higher carbides would be expected. Moreover, the free
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Table 14. Equilibrium Mo-C melt--_ Graphite( : Equilibrium

Concentration of the Melt at Various Temperatures.

Starting Composition after
Temperature Composition Equilibration with Number

, °C At% C Graphite At% C of Runs

2650 20 57.7 + z

2700 35 62.7 + 2 2
2800 35 65.8 + 3 3

2850 0 66.8 + 3 3

3190 0 74.4 + 3 3

Figure 55. Mo-C (45iAtjo C), quenched from 2Z20C X0

Carbon-rich eutectic
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energies of formation of molybdenum carbides are fairly small quantities,

and therefore entropy effects due to disordering reactions should play an

important role in the overall behavior of these phases.

f

Figure 56. Mo-C (48 At% C), Quenched from 2630°C X250

Primary Crystallized Graphite (Black)

and Eutectic.

Differential-thermoanalytical studies carried out in the critical

concentration region from 32-34 atomic percent carbon showed a thermal

arrest at 1475°C. No signal was observed with alloys, which contained

less than 32 At% C. Metallographic as well as chemical analytical studies
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Table 15. Temperature Range 1300 - 160000: Analytical and

X-ray Res-ults on Quenched and Annealed Alloys

Quenching Anal. Dete rm.
or Comiposition

Anneal. Temp. A % C IPhases Present
No 00Total Bound (X-ray) Lattice Parameters

1 13 0 0, 32.0 31.9 a-Mo zC a= Z. 998g
c c= 4.728 ~

2 1300*' 34.3 33. 0 a-Mo 2 C +tr ac es a = 3.001 LM C
1-Mo C and c= 4.-Mo C

___--________q i-oc 1 cI.78x

3 14004 29.3 29.3 a-Mo2 C+a-Mo a= 2.998. a-Mo 2
2 c= 4 .728

___ ____ _________a= 3.147g a-Mo

4 1400. 30.0 30. 0 a-Mo C+aL-Mo a=2.998 } amo

2c= 4.728 ~ aM 2 C

______a= 3 .147.9 a -Mo

5 140 3.5 3.1 a-Mo C + traces
13-Mo, C and a= 3. 006.

'11 -1CI c= 4. 730 (V a-Mo 2C

6 1400 4, 45.1 32.8 a-Mo C+traces
2 a= 3. 004.
?o2  l . I-x c = 4. 731 2}aM

____ ____ ____and graphitei2

7 a~30615004 44.9 33.4 P-Mo 2C+graphil c=4 77 3-MoO2

8 1600.4 32.0 32. 0 a-Mo 2C a= 3.003 g. M
2 c= 4. 731 z~}aM

9 1600 ., 32.8 32. 0 a -Mo 20 a= 3 *004g. aM
_______c= 4.732 'Moz 2

10 1600 ., 33.5 33.5 20& + a= 3 006g
13-Mo 2C c= 4. 731 C a-Mo2 C

a= 3. 006 _ P-M
___~c c.4.773' -MC

11 1600 1- 34.1 33.6 13-Mo 0+ sml. a=308

___ _____ _a-Mos C= c4. 776J 1-Mo C

12 1600.. 35. 0 34.0 P -Mo, C a= 3. 008 ~
__ __ _ __ __ _ __ ____ _ __ __ __ __I_ c= 4.776 Pg} 3Mo CILegend to Table 15., *-40hrs/1300'0/105 Torr annealed

4Rapid Quench in Tin.
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2600 ./

A Incipient Melting

0 Molten

aQ-MOCI- +

r1 mGraphite

40-

pa-MozC ,-Mo C

A a -Mo C + P M02C

30 35 40 45

Atomic % Carbon

Figure 57. Molybdenum-Carbon: Melting Points and

Partial Phase Diagram.
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Table 16. Summary of Differ ential -Thermoanalytical Inve stigations

in the System Molybdenum -Carbon

Concentr. i Thermal Arrests
Range (OC) Reaction Associated

Ato C iHeating C ooling with Thermal Arrests
_____ T max _______

0-25 220+20 a -Mo+ a--Mo 2 C-,*L(eutect. react)I-Z {2Z8012200±20 L-. ct-Mo+ a-Mo C(eutect. react)
2

1100-1500 a-Mo C +C -- ,P -Mo C

240+ I1M C'~27+02+ 3-Mo C.-->L (eutect.react)

1500-1200

(1450)-: a -Mo 2C+ P-\6G
1650+15 P-Mo 2 C + C - -mo C_

34-39 f23601 -

16 10+20 1, -xO P -Mo C + C

(1450)* aL-MozC + C-P -Mo C
1660+15 3-Mo C + C - -MoE

1960T15 11-Mo~i + C -->C I _
2540720 -q-MoC + aL-MoC -4 L (eutect. react)

39-40.5 {2580} 1-x 1-x

Z 550+20 L-> i-MoC, _ + aL-MoC1 -(eutect. react)
1970715 CL-MoC1 4--q TMoC, _ + C

_____ 16407+20 -q-MoC1 ---> P -Mo 2C + C

1650+15 P3MoCG+ C -> irMo~ x
1930+20 '-Mo I + C -4a-MoC _x
2570715 a-MoC I-x +C - > L (eutecit. react.)

4390{0012590+20 L -4 a-MoC + C (eutect.react.)
1960720 Oa-MoC I --> ~voc 1 +

Legend to Table 16. *Very faint signals
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2800j

2400 - ~-- '' I

r 4-4

2) '2
100 __ __ i

- 4-1

1200 --

20 30 40 50 60

Atomic 76 Carbon

Isothermal Reactions:

(1) aL-Mo 2 C + C q=P-Mo :C
(2) 3-Mo' C + C; - ' I_
(3) il-Moi i..x + 5;CtaaMoC1_,
(4) aL-Mo + a-MOC:;:L (eutectic reaction)
(5) a-MoCl . + C(gr.) i- L (eutectic reaction)

Figure 58. Summary of Differ ential-Thermoanalytical

Investigations in the System Molybdenum -Carbon.

-Maximum Temperatures of Intermediate Runs

-Temperature Arrests

Signal very weak
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indicated, that there are two phases separated by a small but finite two-

phase region, the maximum separation of the two phases being < 1. 0 atomic

percent carbon over the entire temperature range.

Especially important for our discussion are the X-ray

finding s:

Beginning with the metal-rich limit of the homogeneous

range of the Mo 2C-phase, the cell volume increases steadily with the

37.5

37.0 __

36.5

Z6 Z8 30 3Z 34 36

Atomic % C

Figure 60. Unit Cell Volume of Mo 2C as a Function

of the Carbon Concentration.

degree of filling of the available interstitial sites (Figure 60); this is a

common feature of defect structures and is shown by all carbides. At

the a -P-Mo C phase boundary, the cell volume undergoes an abrupt

change, the volume of the P-phase being larger by about one percent.

Examining the change of the individual cell parameters

(Figure 35), we find that the a-axis increases steadily with the carbon
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concentration, and shows no marked discontinuity at the a-p-phase boundaries.

The c-spacing of the unit cell is affected only to an insignificant degree by

the filling of the vacancies within the stability range of the a-phase, but

increases abruptly from 4. 73 to 4. 78 ., once the concentration domain of

the P-phase is reached.

In discussing the X-ray findings, it is worthwhile to remember

that these results were obtained on quenched material and may, therefore,

not be fully representative of the actual unit cell volume conditions at

temperature. Nevertheless, the data will show the average trend, and may

therefore be used for comparison purposes in the discussion.

In summarizing the experimental findings on the Mo C-phase,

it has been established that:

I. Separation of the Mo C -phase into two phases with

crystallographically identical arrangements of metal atoms, but with

different unit cell volumes, occurs above 1475°C.

2. The maximum width of the two-phase field separating

both phases at all temperatures does not exceed 1. 0 Atj0 C, and is probably

much less at temperatures close to melting. The gap at the eutectoid

temperature is symmetrical with regard to the stoichiometric composition.

3. The Mo 2C -phase can accommodate carbon in excess

of the stoichiometric composition (boundary at 2500°C: 36 At% C).

4. The rearrangement of the carbon sublattice at high

temperatures tends to increase the c-spacing of the hexagonal close-packed

metal lattice, while the a-axis remains practically unaffected.

5. The phase-separation is accompanied by a marked

volume increase.
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While it is well established, that the molybdenum atoms

occupy hexagonal close-packed positions, two different ways by which the

carbon atoms might fill the octahedral interstices in the lattice, have

been proposed originally, resulting in the following proposals for the

structure of Mo C.

1. The anti-cadmium iodide (C6-type) structure, where

the carbon atoms occupy only one of the two octahedral sites available in

the unit cell. The occupied point positions in the cadmium-iodide type

structure are:

2 Mo in 2 (d): 1/3. Z/3., z; 2/3; 1/3, z;

with z = 1/4

1 C in 1 (a) : 0, 0, 0

2. The L 3-type structure, where the nc = N L carbon

atoms are statistically distributed among the Znc = nMe = ZN L crystallo-

graphically equivalent octahedral lattice sites. The occupied point positions

for the EJ 3 -type are:

2 Mo in 2 (c): 1/3, Z/3, 1/4; 2/3, 1/3, 3/4,

with the carbon occupying the two-fold position:

1 C in 2 (a): 0, 0, 0; 0, 0, 1/Z.

While in the C 6 -structure the carbon atoms arrange themselves in one layer

(0) only, they are in the L' 3-structure statistically distributed over the (0)

and (1/2) positions.

Using room temperature neutron diffraction techniques,

PV Sadagopan (
1 0

)E. Parthe and V. Swere able to show, that the carbon atoms

arrange themselves in a systematic (ordered) way between both layers (0)
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and (1/Z) such, that every molybdenum atom has three equidistant carbon

neighbors. Neglecting coordination differences, the latter structure pro-

posal corresponds in a way to the C 6 -structure, in allowing only one of the

two interstitial lattice sites per unit cell to be occupied by a carbon atom.

In order to account for the hyper-stoichiometric compositions

found at high temperatures, the following types of defects or combinations

of these defect types have to be considered:

1. Formation of metal vacancies.

2. Occupation of additional interstitial lattice sites by

~carbon atoms.

The relative significance of both defect reactions in terms of

their contribution to the free energies will depend to a large degree on the

energies associated with the formation of the respective defect type.

Both defect types are known to occur in related compound

(53)classes In TiO (P. Ehrlich 1939), there are 15% vacant oxygen and

titanium sites at the stoichiometric composition, and the isostructural

NbO( 5 4 , 55, 56) contains 25% ordered vacancies in both sublattices.

There are indications, however, that in carbides ( 5 7 ) defect

formation at the concentration of order is much smaller. The weaker

interaction Me-C as compared to the interaction Me-O is to a large degree

responsible for the observation, that creation of a carbon vacancy requires

less energy than the formation of a metal vacancy. Although no detailed

treatment of group VI metal carbides is available at the present time, the

relatively low free energies of formation of the group VI metal carbides

suggest comparatively weak or metal-carbon bonds. We may therefore assume

that the free energy of formation of a metal vacancy will be much more positive

107



than that for creating a carbon vacancy, and we may regard changes result-

ing from defects in the semi-metal lattice as so preponderant that contribu-

tions from other kinds of defects can be neglected. As a further support for

these simplifying assumptions we use the argument that, from structural

considerations, the net energy change resulting from an interchange of

carbon atoms among two (structurally equivalent) lattice sites is expected

to be much lower than the energy required to create a carbon vacancy.

Having chosen process (2) as the relevant defect type, we may think of

building up the carbide in the following way.

First, we convert the stable body centered cubic modification

of molybdenum into a hexagonal close-packed structure in order to achieve

structural equality. Having the proper lattice, the octahedral interstices

are now being filled with carbon atoms, and we collectively attribute all

changes occurring in the electronic structure of the parent metal lattice as

being due to metal-carbon interaction (bond formation). Secondly, the metal

lattice expands upon incorporation of the semi-metal atoms and this will

reflect in a positive (endothermic) term in the free energy - concentration

relationships.

We may also think, that in order to minimize the strain energy

of the lattice at a given total semi-metal concentration, sites in the immediate

neighborhood of already occupied interstitial lattice positions become less

favored, i.e. require an extra amount of energy for their occupation.

Specifically for the Me C -lattice, once one of the two available octahedral

sites (either in the layer 0 or 1/2) is filled, occupation of the other octahedral

hole, having the same (x, y)-coordinates, but being half the c-spacing apart
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from the already occupied hole, would become accessible only by expendi-

ture of an amount of energy AE in excess of that required for the occupa-

tion of a lattice site of the first kind.

In this model, substantial occupation of the B-sites will

1tend to affect mainly the c-spacing of the lattice, since a new (buckled)

Ilayer of carbon atoms has to be accommodated, while the conditions per-

pendicular to the c-axis remain essentially unchanged. We take this agree-

ment with the experimental observations as a further support for the chosen

model.

Depending on the size of this energy gap AE between the two

sites, at any given total carbon concentration and fixed temperature

(p = const.) there will exist a distribution of the carbon atoms among the

two kinds of lattice sites.

For a mathematical description, the first step to be taken is

the establishment of the conditions of internal equilibrium, that is, to

1 calculate the equilibrium distribution of the carbon atoms, as a function of

the energy AE, the temperature, and the concentration.

IFrom the knowledge of the available number of sites and

the distribution among the accessible sites, the contribution of the disorder-

ing effects to the thermal free energy can then be computed. The configura-

tional terms, superimposed on the thermal free energy should then be capa-

ble of describing the thermal stability of the system, and also to account for

the observed phase-separation phenomena.

' We shall refer to the two kinds of lattice sites as 'A" and 'B'' sites.
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The basic principles of the theory of essentially ordered

phases, i.e. phases, where the number of defects at the concentration

of order is small compared to the number of lattice sites, were laid down

(58) (59)
in the work by W. Schottky and C. Wagner 5

. As pointed out by C. Wagner

relatively simple expressions can be derived for the limiting cases, i.e.

essentially ordered or disordered systems, but the equations become rather

involved when intermed;ate cases are being considered. Generally, simpli-

fying assumptions have to be introduced in order to reduce the mathematical

difficulties.

Most calculations on systems exhibiting gross departure from

stoichiometry have been performed on gas-solid systems where from the

known activities of the gaseous component in the solid phase the necessary

parameters in the theoretical expressions can be derived. Using the concept

(60) (61)
of pair interactions , J. R. Lacher obtained satisfactory expressions

for the conditions existing in the palladium-hydrogen system. Extending
(62)

Lacher's concept, and under certain simplifying assumptions, J.S. Anderson

formulated the conditions for the stability of the nonstoichiometric crystal,

and considers the mutual attraction of atoms in interstitial positions or of

cation holes as the driving force behind phase segregations. In this way,

he was able to reproduce semiquantitatively the phase behavior in gas-metal

systems, and also to account for critical solution phenomena occurring in

these system types.

A.L.G. Rees (6 3 ) considered the succession of phase

equilibria in systems resulting from incorporating interstitial atoms into

two or more types of interstitial sites in a metal parent lattice for cases

110



where the phases show certain structural similarities. With the concept

of pair interaction, he was able to fit the theoretical equations to the

observed phase equilibria in the zirconium-hydrogen system 6 4 ) . The

limitations of these models were discussed by A.L.G. Rees (65),

J. S. Anderson (5 3 ' 6), and C. Wagner (5 9 ) Although the concept of pair

interaction for the description of critical phenomena is certainly useful,

its physical meaning is not quite obvious, and one would think that the

relatively wide separation of the interstitial atoms would not allow direct

interaction (attraction) to any significant extent. Another point, which

has to be considered are the energetical differences between the different

lattice types, which may be of the same order of magnitude as the interac-

tion energies.

The point that volume changes accompanying order-disorder

transformations may be of significant importance for the thermodynamic

description of the system was presented by C. Wagner ( 9 ) . He also con-

sidered the problem of whether the transition between a substantially

ordered structure and a substantially disordered structure involves a dis-

continuous (heterogeneous) traiisformation, or whether the degree of order

decreases continuously with increasing temperature. The same subject

has also been stressed by R. Smoluchovsky ( 6 6 ) who showed on examples,

that the ordering reaction for substitutional type alloys proceeds as a

heterogeneous reaction, with the volume of the ordered phase gradually

increasing at the expense of the disordered phases.

Returning from this review of pertinent previous work to

our problem, it becomes obvious that these previous concepts are not

applicable to our problem. We have no upper critical solution temperature,
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which a system with pair interactions would yield, but instead we observe

phase separation to occur above a certain temperature. A second problem

arises from the relatively large volume changes, which probably will

influence significantly the vibrational modes of the parent lattice. Since

these changes in the parent lattice are intimately coupled with the energies

of the interstitial lattice sites, tme energies associated with the different

degrees of freedom can very probably not be treated as additive, i.e. the

grand partition function of the system cannot be presented as the product of

the partition functions of the individual degrees of freedom.

Since the extra contributions to the thermal energy resulting

from changes in the parent metal lattice due to disordering reactions in

the semi-metal sublattice are unknown and can, therefore, not be accounted

for, and also the free energies of formation of the MOzC-phase as a function

of temperature are known to an inadequate degree only, we shall restrict

our discussions to those contributions, which emerge directly from the dis-

ordering reactions in the semi-metal sublattice. We choose a completely

ordered sublattice, (with the C-atoms on A-sites only) as the reference

state for the calculations, and shall examine the resulting equations with

respect to such terms which may under the given conditions give rise to

the observed phase separation phenomena.

Two models will be considered:

1. The a priori existence of an equal number of A and

B-sites is assumed, with the latter separated by an energy gap

AE = GC(B) - GC(A) from the A-sites.
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2. The energetically unfavored (B)-sites are created by

occupation of the A-sites; specifically, we assume, that for each occupied

site of the first kind, one site of the second kind is created.

Model (1) is certainly too restrictive inasmuch as it would

allow long range interaction; especially in the low carbon concentration

range it would deviate from model 2, but it would be expected to produce

similar results as the refined model at the higher concentration end.

Model (2) corresponds to the assumptions made by J. R. Lacher( 6 1 ) for

the palladium-hydrogen system.

As the first step we calculate the distribution of the inter-

stitial atoms among the two lattice sites as a function of the concentration

and the energy gap AE at a given temperature. Basing our considerations

on one mole Me 2C, we have for model 1:

Total number of available sites ZN

Number of A-sites N

Number of B-sites N

Number of C-atoms on Sites A nCA

Number of C-atoms on Sites B nCB

Number of vacancies on Sites A N-nCA

Number of vacancies on Sites B n-nCB

Treating the energy difference as a gross phenomenon rather than as a sum

of the individual contributions, we have to minimize the free energy function

at fixed total concentration y, temperature, and pressure.

Denoting an interstitial hole, by the symbol A, we let one

mole of an alloy Me C A disproportionate into Vi moles MeG A andmoeo2nalyMzyz 1XA XA

V moles MeG A , and, since we consider changes in the sublattices
xCB XAB
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oly, we can omit the metal atoms in the formal characterization of the

reactions and write

y v I C A ...... GA

XCA xAA

G Ay z

xCB .AB B

with

n CA n CB
XCA = N xCB N

n A  nAB
X A N xAB - N

and G A and GB denoting the free energies of state A and B, respectively.

Since GA andG B can be varied (y, T,p = const) by changing the relative

occupation of the states, GA becomes a function of xCA and x, and

G B of x CB and x B . The total free energy of the sublattice system is given

by

G = v, GA + vZ GB. (4)

Since v = v = , we can omit these terms, and G becomes then

G = G (xCAB x A , XCB' X AB) (y, T,p = const) (5)

The equilibrium state is characterized by the minimum of G, while observ-

ing the boundary conditions resulting from relationships between the con-

centration terms and the conservation of the atomic masses, i.e.
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I (a) xCA + xAA

I (b) XCB + XAB 1

(c) xCA + XCB y

(d) xAA + xAB z

(e) (y + z = 2)

Using Lagrange's method for the evaluation of the extrema,

a_ - Nkctk 0 (6)

k

Nk Boundary condition (1 ...... k)

ak Undetermined Lagrange multiplier assigned to boundary
condition Nk

vi  Independent variables

we obtain the conditio ns

3G A - =0 
(7)

A= 0 (8)

aG B C L = 0 (9)

axCB

I
8G B

8 G - CL = 0 (10)
8G~B _
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Combining the first and the second couple of equations we obtain

aGA aGA -aGB -G B

3 XAA_ -a 4 -a 3  axCB aXAB

or, since

axAA = axCA

and

axAB = aXCB[o 1 FaG ]
G A [GB I(2

x- CC T,p,y B Tp,y

LGA ;G ]-B (13)

Typyy AB] T, p, y

Equations 1Z or 13 characterize the internal equilibrium of carbon atoms

and vacancies in the crystal structure.

Formally, these conditions are equivalent to the distribution

equations for a two-phase equilibrium in a ternary system with fixed

boundaries of the one-phase ranges (67) , and we can adopt the same graphical

method for the determination of the equilibrium concentrations in the sub-

lattices A and B.

The meaning of equilibrium condition 12 becomes especially

clear, if we neglect lattice interactions and write

G G +x G +Gmix
A  Me CA C(A)+ (A)
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and

G =G +±x ~G +Gmix

B  Me GB C (B) (B)

Here G Me is the free energy of the parent metal with the identical structure

as the compound,Gc(A) and GC(B) are the free energies of carbon on the
mix mix

sublattices A and B respectively, and G(mixand G mx are the free energy
resecivly ad (A) (B)

changes due to the mixing of carbon atoms and vacancies on the sublattices

A and B.

Taking the derivative, we have

8G A aGmix
= G + G (A) (16)axCA C (A) + -CA1

aGB aGmix
B - G + (B) (17)

GB C() B

or

a mix 8G mix
G(A) G G (B) (18)ax C (B) C(A)' -x--CA gG

Denoting the difference GC - GC(A) with AE, we finally obtain

mix
aG(B) 

(19)
8G )-AE + "GB

CA ax

For the graphical determination of the equilibrium concentrations, the

derivatives of the free energies are plotted against the concentration

variable x. Coexisting equilibrium concentrations of carbon atoms on the

two sublattices correspond to the points of intersection of horizontal line
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with the plotted curves of the values of the free energy derivatives. For

an assumed value of one of the concentration variables, say xCA, the con-

centration xCB in the other sublattice can be found by extending.a horizontal
aGmlx

line from the point corresponding to xCA on the curve for ax A until
CA) l ~CA

it intersects the curve for B

The equations take an especially simple form, if we neglect

interactions between defects and assume ideal mixing behavior between the

carbon atoms and the vacancies on both sublattices. The mixing terms

become then:

Gmix
" i T x nx + xAln xA(A) T (xcA xcA A (20)

Gmix
"Gi = RT GB IB x B l (21)(B) T(xCBln xCB + lnxB

GmixXCa) _L xc
x(A) RT in xCA (ZZ)

XCA A

aGmix
(B) -xCBx CB - A n -zB (

Denoting the dimensionless quantity AE/RT with w, we obtain as the final

condition governing the distribution of the interstitial atoms among the two

lattice sites the equation:

in xA w + In xB(4)
xAA X1AB(2
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For the graphical determination of the equilibrium concentrations as ai x
function of the energy parameter w, a series of functions w. + In f--

starting with w = 0, is plotted against x (Figure 61). The horizontal

intercepts between the curves corresponding to w = 0 and the given value

w yield immediately the corresponding equilibrium concentrations xCB*

I

SXiii XlI X I

I b

IFigure 61. Graphical Determination of the Equilibrium

Population in a Two-Level system.

At the concentration of order, y = 1, the equations take the simple form

X CAw
in --- + w and (25)

x AA
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xCB _ w

in - - - (Z6)x AB

Returning to our original discussion, we rearrange the terms in the

distribution equation and write:

xCA xAB
RT ln -A AE, (27)

XAA XCB

and identify the term

xCA XAB.... A K 
(28)X AA x CB

as the equilibrium constant of the reaction*

C I'A A + AB --- ) IA B + AA. AE.

withAE as the free energy change of the reaction, i.e. the free energy

change associated with the transfer of one mole carbon atoms from lattice

sites A to lattice sites B.

The derivation of the equilibrium condition for the second

model is analogous:

The reaction to be considered is

T - v 1 C AxAA ...... GA
xCAXA

C AY z

vC A..........G B

2 xCB XAB B

*The symbolism used follows the nomenclature introduced by A.L.G. Ree 6 5 )
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and

G= vi GA + v G , (Z9)

the boundary conditions to be considered are:

(a) vI + v 2

(b) XCA +xAA =1

(c) XCB +XAB

(d) V x CA + V xCB y

(e) VIxAA + V 2XAB =z

(f) z + y Z

The equilibrium condition obtained is identical to that of model (1), i.e.

RT ln K = AE, (30)

with
xCA X AB

K -- - (31)
XAA X CB

This means that the relative occupation of the two lattice sites at a given

temperature and energy value AE, is independent of relative masses

(v I and v2 ) of the coexisting 'phases'.This behavior resembles and in this

respect is also a perfect analogue to the forementioned case of a two-phase-

equilibrium in a ternary system.

Having established the conditions governing the equilibrium

occupations of both lattice sites, we proceed now to the calculation of the

excess contribution of the carbon sublattice to the thermal free energy of
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the system. According to our choice of reference state, we shall understand

under excess terms the sum of excess enthalpy, resulting from occupation

of the B-state, and the configurational terms of the sublattices, i.e.

AGexc = e.nC. -T (S-onf S conf(CB(A) - + (B)) (32)

E is the free energy required to transfer one carbon atom from a lattice
conf. conf.

site A to a lattice site B, and S (*) and Sc ' are the entropies of mix-
(A) (B)

ing of carbon atoms and vacancies on sublattice A and B, respectively.

Beginning with model (1), the number of distinct microscopical

arrangements (thermodynamic probability) in sublattice A is given by

WA =n .N (33)A n CA 1.n AA

Analogously, we obtain for the B-sites

W N! (4
WB n (34)

CB" "AB.

The total number of arrangements in the combined system A-B is given by

WAB = WA' WB* (35)

The thermodynamic probability of the system is related to the entropy by

the Boltzmann relation

SA+B = k in WA B  (36)

Using Stirlin~s approximation for the calculation of the n.i

ln n.i = n. Iln n.-n. (37)
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and substituting mole fractions for the n., i.e.

XCA nCA and x = nCB
INA N xC N '

I we obtain for the configurational entropy of the carbon sublattice

SA+B = -R (xCA In xCA + xA ln x A + XCB In xCB+ XAB ln xAB) . (38)

Thus, the excess free energy due to the disorder in the A and B-sublattice

becomes:

AG e x c = AE.XCB+ RT (xCAn x CA+ xAA XAACB In xGB AB x AB ) (39)

For the calculation of the positional terms in the model (2)

we proceed analogously. According to the chosen model, the enumeration

of states is as follows:

Total number of lattice sites ZN

Number of B-sites nCA

Number of A-sites 2N-nCA

Number of C-atoms on Sites A nCA

Number of C-atoms on Sites B nCB

Number of holes on Sites A ZN-ZnCA

Number of holes on Sites B nCA- nCB

The thermodynamic probability of the sublattice A is given by

W (2N -n CA (40

WA - (40)
nCA . (ZN-ZnCA)
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and for the sublattice B by

nCA

B cA"nC B F (41)

Using Boltzmann's relation as well as Stirling's approximation for the

factorial terms, and using mole fractions in place of the number of atoms,

we have

nCA nCB
G A TN-n G B 'n_CA B CA

ZN-ZnCA nA-nCBxAA _ -i CA X AB n nC A

and we obtain

+B = 
-l+- ln XGA + xIln x + xAIxBn xGB+XABIn XAB)1 (42)

and for AHexC the excess enthalpy resulting from the occupation of the

B -states:

AHexc = ZAE xcBGXCA (43)
CB l + xCA

The excess free energy due to disorder in the carbon sublattice is given by

AGexc = AH exc - TS conf. (44)A+B
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The carbon concentrations on the respective lattice sites are related to

the total carbon content according to the sum formula Me Cy by

I
ZXCA (1 +x

C A

In evaluating the equations for the two models, first the corresponding

carbon equilibrium concentration on both sublattices (A and B) have to be

calculated. Knowing the distribution, the positional terms for each sub-

lattice as well as the change in enthalpy due to occupation of the B-sites

can then be computed. The total excess free energy change due to the dis-

ordering reaction in the carbon sublattice is then obtained by addition of

the individual terms.

The corresponding equations for both models are summarized

below:

Model (1): NB = N .'he expressions refer to one mole Me 2CY.

(a) Condition for the distribution of the atoms among the

sublattices A and B

PRT ln xCA . -B AE
x A  xC

with AE denoting the free energy required to transfer one gramatcm of

carbon atoms from lattice sites A to lattice sites B

(b) Concentration relationships:

xCA + xCB y

xCA + x =

xCB + xAB

IZ5
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(c) Entropy and Energy terms

sconf. -R (x In x + x l ) (46)

SA CA~l XCAI XAA AA

S conf - R (xcBln XCB+ xABIn xAB) (47)

sconf, Sconf. + conf. (48)
A+B A B

AH e x c = AE x CB (49)

AGexc = AHexc T.conf. (50)
AG =A - T.A+B

Model (2):" NB = nCA' The expressions refer to one mole

Me C

(a) Condition for the distribution of the carbon atoms among

the sublattices A and B:

x CA XAB

RT in - AE (51)AA GB

with AE having the same meaning as in model (1).

(b) Concentration Relationships

2xCA
T+XCA (I + xCB) =y

xCA + XAA =1

xCB + XAB 1
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(c) Entropy and Energy Terms

conf. 2R • x x lx (52)
A -+xCA GA CA AA AA

conf. 2R'XcA
S B - l+xCA (x in x B+ xABin xAB) (53)

I conf Sconf ' + Sconf. (54),A+B = A B

AHexc = ZAE xCB xCA (55)
1 + xCA

AG exc = AH exc conf. (56)

In examining the excess free energy function of model 1 (Figure 62) we find

that only one minimum exists over the entire range of carbon concentrations
AkE

y and energy parameter w =T , We further note, that for higher w-values,

the minimum shifts towards smaller carbon concentrations and reaches as

limiting value y = when w approaches infinity (B-states unoccupied,

random mixing over the N A-states).

On the other hand, if w approaches zero (A and B-sites

jenergetically equivalent), the minimum occurs at y = 1, as would be expected.

Examining somewhat closer the minimum in the excess free energy con-

centration curve, we write

AGexc

AG = W.XGB+ xCAln xCA + x AAln xAA + xCB In xCB+ xABln xAB (57)
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The distribution equation becomes:

in X CA x B w(58)
X AA X CB

-1.0

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

- y -

Figure 62. Model 1: Excess Free Energy Due to Disorder in the

Carbon Sublattice

Parameter: w = AE (Quantities per Mole Me CT2
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Substituting for

in XCA- u, and for
xA

A

in XGB~xA
B -- V

we find for

exc

RT = AG = f xCA(u), XCB [u (v)J (59)

aAG af axCA af axOB avaY ~-~+~-- (60)au ax xCA au + xB av au

f =u, and 8-B-- v + w u,
ax CA axGB

yielding [7v 13:

3AG* (axC 8xCB

xU e xCV

1+eU GB l+ev

we obtain
axA u GxB __

-v - v2, (62)
(l+e) (1+eV)
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The condition for the extrema becomes then:

u e + e 0 (63)1+e -') (1+e V)

Since the term in the bracket is always positive definite, the extrema must

be defined by the condition, that u = 0.

Since

u = In XCA 0 (64)
xzIA

The extremum always occurs at xCA = -z , i.e. when half of the A-sites

are filled.

For the case, that w =o, xGB becomes zero, and the
1 1

extremum is located at Xc = y = . For w = 0 x is equal to x

and in this case the extremum occurs at a total carbon concentration

y X CA +XB = 1.

Taking the second derivative, we obtain

2 u v U 2U v 2v
a AG _ e + e + u e(e -1 + e(e (65)

au (l+eU)Z (l+e v ) (1+e') 4 (l+eV)

For u = 0, the location of the extremum, this expression becomes

a2 AG *1 e (66a2

2 CA 4z> + _-w 2 (66)
au ( (1+e-')

The right hand side of the equation is always positive, i.e. the ,extremurn

is a minimum.

130



We also note from the second derivative that the free energy

function has no X-point, as would be indicated by the existence of an inflec-

tion point at the same concentration as the minimum of the free energy-

concentration function

1.0

0.5 Z o -,/
0.0

0.0n ulatc. aa-tr w - AE

0 0.2 0 .4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 Z. 0

Figure 63. Model 2. Excess Free Energy due to Disorder in the

Carbon Sublattice. Parameter: W T=

(Quantities per Mole Me CY )

A similar behavior of the excess free energy functions is

derived from the expressions for the second model, although the functional
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values at equivalent concentrations and energy parameters differ slightly

from those obtained for the first model (Figure 63); c.f. the simple con-

1dition that the minimum occurs at xCA = 7 does not anymore hold.

It is not surprising that the combined excess functions of

the carbon sublattice alone do not account for the observed phase separation.

Since, as discussed earlier, the extra contributions from changes in the

metal lattice are unknown, we have to relax our requirements and examine

the individual terms for features, which might be responsible for the

observed effects.

The excess enthalpies computed for both models show again

a very similar behavior (Figure 64 and 65). At low carbon concentrations

and high energy parameters (small fraction of the B-sites occupied), the

excess enthalpy is correspondingly small; however, above y = 1 the excess

quantities increase very rapidly to positive values, reaching at y = 2 the

maximum value AH e x c (y = 2) = AE. Considering the two limiting cases,

we find that for w = 0 (no energy gap), AH e x c is zero at all temperatures;

for w = o0, AH is a step function being zero for the range 0 < y 5 1, and

rising to infinity at y = 1.

For a given value of AE, w decreases with temperature, and

the data presented in Figure 64 and 65 can therefore be interpreted also as

the excess enthalpy at different temperatures for a fixed value of AE.

Of special interest for our discussion are the free energy

changes resulting from the configurational entropy of the carbon atoms on

the different lattice sites, and also how the distribution of the carbon atoms

will reflect itself in the overall behavior of the integrated functions.
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Figure 66 shows the individual contributions of the inter-

stitial sublattices A and B for a number of values of the energy parameter

AE

w- I.T

I

No. W 2
1 1.0 4

2 3.0
1.0 - 3 5. 0

o.6

0.2 0.4 o.6 0.8 1.0 1.2 1.4

Figure 64. Model 1: Excess Enthalpy due to Occupation

of Interstitial Sites of the Second Kind.

AParameter: w = E (Quantities per Mole Me C

The curves are symmetrical with respect to y = 1, with

the respective maxima at concentrations y < 1 (sublattice A) or y > 1

(sublattice B). The curves coincide for w = 0, with the minimum at

y = 1. For w = oo, the contribution of the sublattice A at y = 1 is zero

(sites A completely filled, sites B unoccupied).
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Mathematically, the location of the minima is given by

-AGP 0 (67)
ay

2.0 ____ ___

1.5 -

0.0 _

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

y ---

Figure 65: Model 2: Excess Enthalpy due to the Occupation

of Interstitial Sites of the Second Kind.
AE

Parameter: w = lE (Quantities per Mole Me C

Choosing y as the independent variable is impractical, since it leads to

very complicated expressions. Instead, by making the analogous substitu-

tion as before, namely
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u = In V = In--
X AA xA

differ entiation after the substitution yields:

ax XCA axCB
U + v -o (68)

I 1A,_IB

-0.3 - V ., /

10.4

I0.5

-0.6

10 0.2 0.4 5.6 0.8 .1.0 1.2 1.4 -1.6 1.8 2

Figure 66: Model 1: Individual Contributions of the Interstitial

I Sublattices to the Positional Free Energy of
a Two-Level System.

1 A, B; w 0
2 A, B; w 3
3 A, B; w 4
4 A, B; w 7
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Recalling, that

ax_ C A e u x C A x AA (69)

ax CB - e v

0

&W=9

-0.2/&

-0.4 ///W = 0

- . 6 / 0_ _ _ _ _

h-0. 8

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

y 0p

Figure 67: Model 1: Positional Free Energy Resulting from the

Distribution of Interstitial Atoms Among Two

Types of Interstitial Lattice Sites.

Parameter: w = A (Quantities per Mole Me C
RY 2 y

-- ---- Location of the Minima
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we obtain the final equation for the minima:I
xGA x B

XCAXAA in xGB X B in - (71)
x AA xCB

j With the aid of the distribution function, the above equation can be solved

for xCA or xCB.

The numerical evaluation of the analogous equation for the

second model yields the curves shown in Figures 68 and 69. Due to the

larger number of A-states contributing to the positional terms, the func-

tions for the refined model become asymmetrical, but show the same general

behavior as the functions obtained with the simplified lattice model.

So far, we were mainly concerned with the discussion of

the various contributions resulting from the changes occurring in the carbon

sublattice. As pointed out, the thermal part, i.e. the change of the vibra-

tional terms of the parent metal lattice is unknown. However, since the

disordering reaction is homogeneous, it is safe to assume that there are

no abrupt changes or discontinuities in the free energy functions to be

expected, i.e. it will be possible to present the thermal part of the free

energy of formation of an alloy Me 2Cy as a continuous function of concentration

and temperature. Thus, the total free energy of formation can be presented

as:

AGf(MeCy) AGf(thermal) (y, T) + AHexc - TA+B (72)
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Considering only a small concentration range in the immediate vicinity

of y = 1, it will be possible to present the thermal part as a linear function

of the carbon concentration; we further may assume, that a given shape

1 0

-0. 5 ____ W_ _ I = 5.

-1.0 -If- -- _

W-
0 0.z 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 Z. 0

Figure 69. Model 2: Positional Free Energy Resulting From

the Distribution of Interstitial Atoms Among

Two Types of Interstitial Lattice Sites.

Parameter: w = (Quantities per Mole Me zCy )

of the thermal free energy-concentration curve, (in terms of the gradient)

will be maintained over the temperature range of interest.
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Examining the excess enthalpy function (Figures 64 and 65)

we note, that at a given w-value, the gradient changes rapidly to more

positive values at y = 1; towards higher temperatures (smaller w-values)

the gradient for a given composition becomes smaller.

Any counterbalance of both effects at some temperature

should therefore occur in the vicinity of y = 1, and in this case, the varia-

tion of the free energy curve will then be controlled by the positional terms.

From the observed variation of the gradients of A exc with

temperature, we can derive the general statement, that for temperatures

below the temperature of the isothermal reaction, (no further additional

compounds at higher y-values).

FaGtherm 1
f + 8 yH > 0 (no phase separation) (73)a - y y _+5

At the temperature of the isothermal phase reaction

8 AGtherm exc r
f 8AH aAeC

+ y 1. o (model 2) (74)
a y ay 8yL y +6 yl+6

a~therm
f a AHe
ay + ay 0y + (model l) (75)

and at temperatures above the temperature of the isothermal phase reaction

r therm
aAG hf aAHexci < o (model 1)

+ ayr (76)

ly =1 + 6 < aAG__ 5y1+
4y = + 6 (model2)
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IThese general considerations therefore would predict coexistence of both

phases only above a critical temperature, which is accordance with the

experimental observations. Furthermore, the phase-separation is to be

expected to occur around the stoichiometric composition, with the carbon-

rich boundary of the a(carbon-poorer)-phase moving to smaller carbon con-

Icentrations towards higher temperatures

I0

0

Me

Figure 70. Stability Condition for the Coexistence of Two

ISeparate Phases at the Metal Rich Side

If the sum of the gradients

8Gtherm ec

f AHexc
a [y + ay <k(7

+ +

1

14
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is more negative than a critical value k, the gradient of the tangent through

the point (AGf = 0, y = 0) to the free energy curve of the compound (Figure 70),

then only the f(carbon-richer)-phase is stable. In this case, the two-phase

field crosses the homogeneous range of the phase and would, following the

commonly used definition, be interpreted as a phase transformation.

Designating the eutectoid temperature at which the phase-separa.-

tion occurs, i.e. the lowest temperature at which the P-phase is stable,

as T , and the peritectoid temperature, at which the reaction
U

a- + Me

proceeds (highest temperature at which the a-phase is stable) as TO, we

deduce from the foregoing considerations that T should always be higher

than T
u

With fixed AE, T u , the temperature of the phase-separation,

will take its lowest value in those systems, where the phase under question

is in direct equilibrium with the interstitial element, i.e. where no other

intermediate phases with higher interstitial contents than the phase under

consideration, are formed. This means that in all systems, where addi-

tional phases do occur, the temperature of the phase separation will be

higher. Since the decomposition reaction of the a-phase at T = T iso

independent of the free energy of formation of the higher interstitial phase,

the difference T - T u should always be smaller in the latter system types

presuming that the conditions for both transformations are being met within

the solidus range. The difference T - T is approaching the value zero, when

the stability limit of the Me C y-phase in the system is reached.
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I
After these more general considerations, we shall return to

our original problem and apply, at least in a semiquantitative manner,

the theoretical findings to the observed phase relationships in the molybdenum-

carbon system.

r At the temperature of the phase-separation, T = 1748 'K,

the equilibrium concentrations of the coexisting phases are y, = 0.98 and

YII = 1.02.

By comparison with the curves of the positional free energy

of the refined model (Figure 69), we note that the curve corresponding to

a w-value of 3 would predict too wide a concentration gap, while the curve

with the energy parameter w Z would predict an extremely narrow gap

only; the excess function computed for a w-value of w = Z.5 corresponds

most closely to the experimental observations.

Taking w = 2.5 as the representative, value, we obtain from

the relation

I and the temperature of the isothermal reaction (T 1748°K)

I AE (y - 1) = 8500 cal per two gramatoms metal

ISince we expect AE to vary somewhat with the composition, we understand

this value to refer to a total carbon concentration corresponding to y - 1.

It is interesting to note, that the value of w, deduced from

the simplified model (Figure 67), would fall into the same range.
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Taking the obtained value for AE, it is now interesting to

calculate differences in the relative order of the a - and P-phase at the

temperature of the phase separation. A simple computation of the

equilibrium constants at the corresponding equilibrium values of y results

in the data presented in Table 17.

Table 17. Relative Occupation of the States in the a - and P-Mo C-
2

Phase at the Temperature of the Phase Separation
AE_

(T = 1748°K, w - RT 2.5)

Compositions of Model 1 Model 2 1

the Coexisting Phases XCA xCB XCA X CB __K

y = 0.98 (a-Mo C) 0.767 0.213 0.718 0.173
0. 082

y = 1.02 (P-Mo C) 0.787 0.233 0.746 0.194

At this temperature, the B-states in the a-phase are to about 171o filled,

compared to approximately 19% for the P-Mo 2C-phase. Thus, the difference

in the degree of order in both phases is small.

Since we may assume AE as arising from the volume increase

in the disordering process, we expect AE to decrease with the temperature.

AE
The value of the energy parameter w- RT , which controls the relative

distribution of the interstitial atoms among the two sites, will therefore

decrease (increase) faster with rising (falling) temperature, as would be

expected with a constant value for AE.

Neglecting this dependence for these discussions, i.e. referr-

ing our discussion to the temperatures which would be predicted from the
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ABrelationship w RT with AE as constant, we observe that, for example,

for a temperature of 2200'K (w = 1.5), approximately 27% of the B-sites

are occupied (Figure 71). At room temperature (298°K), the equilibrium

constant

K = GA (78)x A X GB

calculated with an energy parameter w = 6. 4, takes a value of
6

K = 1.7 x 10 , i.e. less than 1 pro mille of the B-states is occupied

(y - 1). The structure at room temperature can therefore be regarded as

completely ordered.

Other data, which are of interest, in this connection, are

the heat effects due to the disordering reaction. The excess enthalpies as

a function of temperatures and for a series of discrete concentration values

y have been computed for model (1) and are shown in Figure 72. In the

vicinity of y = 1 the data presented should not differ very much from those

calculated for the refined model.

The graph indicates that the observable heat effect is quite

large (- 2000 cal at 1800°K) and therefore is well within the temperature and

accuracy range of presently available high temperature calorimeters.

Knowing AH e x c as a function of temperature, the excess heat capacity can

be computed from
C ex L [8kex ci

jexpA (79)

p T p1y
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i.e. by measuring experimentally the excess enthalpies as a function of

temperature and concentration, the excess free energy as well as AE

can be computed directly from the measured quantities.

1.0

0.9-- MdaTy

Model aty= I t _

0.8 M d 2 -t y

0.6

0.5

0.4

0.2

0.1____

0 0.1 0.2 0.3 .0.4 0.5 0.6 0.7 0.8 0.9 1.0

- XCA

Figure 71. Relative Occupation of Sites A and B as a

Function of the Energy Parameter w -

The high 'zero point' energy of the compound at the hypo-

thetical compositions above y = 1 causes the enthalpy-temperature to

curve to assume a very flat shape in the lower temperature range (Figure 72).

A related plot but with AGexc/RT as the independent variable is shown in
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Figure 72. Excess Enthalpy due to the Disordering Reaction

in Mo. C

(Data Calculated with AE = 8500 cal per Mole Me.C.
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Figure 73 and explains the instability of hyperstoichiometric Mo C at low

temperatures.

1.5

10 -

-0

o 0.5 - • _

-0.5 - ---- _.__.__ "

y 0.8 /

500 1000 1500 Z000 2500

- K1 D

Figure 73. Excess Free Energy due to Sublattice Disorder

in Mo C.

(Data Calculated with AiE= 8500 cal per Mole Moz Cy
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D. LITERATURE REVIEW AND EVALUATION OF THE

THERMODYNAMIC DATA ON MOLYBDENUM CARBIDES

S1. Low-Temperature Data

There are no experimental low-temperature heat
capacities available for any of the molybdenum-carbon alloys. Krikorian (68)

estimated the standard entropy of Mo.C at 298. 15°K to be 17. 1 + 1.0 cal/°K.

mole. Using the entropies of molybdenum and graphite selected by Kelley

and King ( 6 9 ) , one obtains zASf, st - + 2.1 (+ 1.0) cal/°K • mole.

2. High-Temperature Data

There are no experimental high-temperature heat

capacities for any of the molybdenum-carbon alloys.

3. Equilibrium Measurements

Gleiser and Chipman( 7 0 ) studied the equilibrium,

Mo-Mo 2C-MoO2-CO-CO 2 from 12000 - 1340'K. From the known values of

the free energies of formation of MoO 2 , CO and CO? , they obtained the free

energies of formation of Mo C to be

AGf = - 11,710 - 1.83 T

Schenck, Kurzen and Wesselkock (4 2 ) studied the

equilibrium, Mo-MozC-CH 4 -H at 9730 and 113*K. However, their results

are doubtful due to the thermal segregation of the static gas mixtures present

in their experiment as pointed out originally by Richardson ( 7 1) . Also, the

values for the free energy of formation of CH 4 determined by Schenck et.al.

from an equilibrium study of CH 4-H -C, using the same technique, do not

agree with the presently accepted values for CH 4.
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Browning and Emmett ( 7 3 ) claimed to have studied

the equilibria Mo-Mo2 C-CH 4 -I- 2 from 8200 - 952°K and Mo 2 C-CH 4 -MoC-H-2

from 9360 - 1098°K, using a dynamic technique. According to Gleiser

and Chipman ( 7 0 ) , the first equilibrium yielded an impossibly large entropy

change of 26 e.u. for the reaction 2 Mo(s ) + C(gr) = Mo zC (s )  The second

equilibrium as written is incorrect according to our presently established

phase diagram, since none of the other three intermediate phases, i.e.

P -MoZC' -- MoC1 -x and a-MoC 1 _x are stable with respect to a-Mo C and C

in this temperature interval.

4. Heat of Formation

Mah (7 2 ) determined the heat of combustion of a-Mo C

calorimetrically. Knowing the heats of formation of MoO and CO, the heat

of formation of a-Mo C was found to be - 11, 000 + 700 cal/mole. The2

specimen was prepared by directly reacting molybdenum with graphite

powders at 1150°C in an atmosphere of hydrogen. The chemical composi-

tion of the sample was 94. 09% Mo and 5. 89% C.

An attempt was also made to measure the heat of

combustion of MoC1  ; however, the results obtained are doubtful because

the composition of the sample was not well-defined.

5. Selection of Data

The free energy of formation of a-MoCD. 4 9, the metal-

rich boundary of the a-Mo C phase, selected by us is

Mo(s ) + 0.449 C (gr)- MoCo. 4 49

zf,1zoo - 1340 OK - 5, 250 - 0.82 T
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The selected value is based on the equilibrium

data of Gleiser and Chipman. The heat of formation derived from the

equilibrium measurement of Gleiser and Chipman is in good agreement

with the value obtained from combustion calorimetry by Mah.

IV. DISCUSSION OF THE RESULTS

A. PHASE DIAGRAM

The newly established phase-diagram deviates appreciably

from the previously accepted system. This applies especially to the tempera-

ture and concentration ranges of stability of the intermediate phases. The

eutectic temperature in the metal-rich part of the system (2200°C) agrees

very well with the old measurements by W. P. Sykes, et.al. ( 1 6 ) and the

(31)
more recent determinations by M. R. Nadler and C. P. Kempter (

. The

mean temperature for the carbon-rich eutectic line reported by T. C. Wallace,

et.al. (3),(2580 + 5°C), is identical with the value obtained by us (2584 + 5°C).

Although the measurements of the latter authors appear to be the most

accurate determinations made hitherto, agreement in the middle concentra-

tion ranges (34 - 39 Atjo C) with our data is poor; the relatively large error

limits attached to their data are certainly too high, in order to reflect the

small differences encountered in the melting temperatures of the various

carbide phases. The phase separation of the Mo C -phase had not been pre-

viously reported, although the sudden emissivity changes of carburized

molybdenum wires at 1810K, which has been observed by E. Bas-Taymaz ( 7 3 )

may have been related to this phase-reaction.

B. PHASES AND PHASE EQUILIBRIA

The system shows several interesting features which to a

great part have to be attributed to the close structural similarities of the

intermediate phases occurring in the system.
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The a-P-phase separation of the Mo C-phase has been dis-

cussed in an earlier section and was attributed to homogeneous disordering

reactions occurring in the carbon sublattice.

Related reactions have been meanwhile observed to occur

also with W C, Ta 2C, and Nb C, and there are indications that certain

diborides (c.f. TaB show a similar behavior.

The relatively high occupation of additional interstitial lattice

sites in the Me 2C-structures, causing the stability maxima of these phases

to shift towards higher carbon concentrations, is directly reflected in the

observation, that the carbon-rich boundaries of these phases move to higher

carbon-concentrations at higher temperatures. While, due to the relatively

high energy differences of the two kinds of interstitial lattice sites and the

low melting temperatures of the phases, this effect is less pronounced in

the molybdenum and tungsten -system, a quasi -continuous transition

between the subcarbide and the cubic monocarbide has been found in the

tantalum-carbon system at high temperatures ( 6 ) . A similar behavior is

expected for the system niobium-carbon system.

At low temperatures, the energy parameter AE/RT, which

controls the relative occupation of the available lattice sites, is large, and

the degree of disorder at the concentration of order will be correspondingly

small. In the case of strong temperature effects a description of the

structure would therefore also have to include a specification of the state

of order. As an example, one would suspect that at temperatures close

to melting the structure of the Me 2C -phases will correspond closely to the

iL 3-type (complete disorder of the carbon sublattice.)
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Similar considerations as for the Mo zC-phase will have to

be applied for a thermodynamic description of q-MoC 1 _ x , which in many

respects resembles a transition structure between MOzC and the cubic

(B 1) a-MoC -x (7). For this case, the effect of the occupation of two

crystallographically unequivalent interstitial lattice positions upon the

neighboring sites has to be considered, although, in view of the closer

spacing of the carbon atoms on the point position (4 f), the distribution of

the interstitial atoms among these lattice sites (2 A-sites, 2 B-sites,

according to the previously used notation) may possibly take account of

the greatest part of the ordering effect.

Accurate and detailed experimental data on the individual

phases would be highly desirable for the theoretical interpretation of

observed phase-phenomena. In some instances, relations between the free

energy formation of the various phases in the system can be obtained from

an analysis of the observed phase-equilibria, but heat capacity data are

needed for the calculation of their temperature dependence.

As an example, the following relations between the free

energies of formation of the phases occurring in the system molybdenum-

carbon can be formulated from the observed non-variant (p = const) equilibria:

(a) Mo C (13)- Mo 2 C 0 . 8 (a) + 0. 04C ..... AGR
2 1 .02 CO.8R

AGR= Gf(MOCO. 4 9 ) - AGf(MoCO.s5) = 0 at T = 1748°K
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(b) MoCo0 .64 (Nj) - MoCo. 5 1 (P3) + 0. 13 C ... AGR
1R

AGR = AGf(MoCO.Sl) - AGf(MoCO. 64 ) 0 at T = 1928°K

(c) MOCO-68 (a) --- > MOC 0. 66 (N) + 0. 02 C ... AGR 

II

AGR AGf(MoCO. 66 ) - AGf(MoCo. 68 ) 0 at T = 2233K

Of further importance would be data of the strain energies envolved in the

formation of the phases, in order to obtain data for the true semimetal

metal bonds 7 4 ) , and an evaluation of the stabilities of the parent metals

in lattice arrangements equivalent to those of the intermediate phases.

(75)However, in concurrence with the views of L. Kaufman 5 we believe

that the energies associated with changes in the crystal modification, at

least among the most common types (bcc, fcc, and hcp) are fairly small

quantities, and should therefore be of influence only in the metal-rich part

of the systems.

As an example, an evaluation of the phase-equilibria of

molybdenum and tungsten with the platinum metals yields transformation

energies for Mo (bcc) - Mo (hcp), and W(bcc) - W (hcp) values of

+ 1500 and + Z800 cal. per gramatom metal respectively, and for the corres-

ponding face-centered cubic modifications, these values are only insigni-

ficantly higher.

A knowledge of these parameters would allow the establish-

ment of generalized free-energy concentration relationships between the

component and intermediate phases and facilitate significantly the interpreta-

tion and precalculation of the phase-reactions in combined (higher order)

systems.
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